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For  a  specified  shape  and  composition,  the  size  of  a  critical  system  can  be  decreased  by 
surrounding  it  with  a  material  which  scatters  neutrons  back  into  the  fissile  core.    By  reducing 
the  number  of  neutrons  that  escape,  a  smaller  size  (or  mass)  can  become  critical.    Such  a 
scattering  material,  on  account  of  its  function,  is  referred  to,  in  general,  as  a  reflector.  In 
nuclear  weapons  it  is  called  a  tamper,  because,  in  addition  to  decreasing  the  loss  of  neutrons 
by  escape,  it  delays  expansion  of  the  exploding  mass  and  permits  a  higher  yield  from  the  sys- 
tem undergoing  fission,  as  will  be  seen  later. 

As  is  to  be  expected,  increasing  the  thickness  of  the  tamper  decreases  the  escape  of  neu- 
trons and  thus  makes  possible  a  smaller  critical  mass  of  the  fissile  (or  core)  material.  How- 
ever, it  has  been  shown  by  theoretical  calculations,  and  verified  experimentally,  that  when  the 

tamper  thickness  reaches  a  certain  value  there  is 
little  more  to  be  gained  by  a  further  increase  of  thick- 
ness (Fig.  1.  2).    Thus,  when  the  thickness  is  about 
"two  to  three  neutron  mean  free  paths  in  the  given 
tamper  material,  its  effectiveness  in  reducing  neutron 
losses  is  within  10  per  cent- or  so  of  an  infinitely  thick 
tamper 
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THICKNESS  OF  TAMPER 
Fig.  1.2 


fnaer  precisely  specified  conditions,  and  for  a 
given  fissile  (core)  material,  there  is  a  definite  mass 
that  will  be  just  critical.    This  is  called  a  "crit. " 
The  critical  masses  of  spheres  of  uranium-235  (94  per 
cent  purity)  and  of  plutonium-239  (97  per  cent  purity) 
are  given  in  Table  1.3.    In  the  first  column  are  the  values  for  a  bare  (untamped)  sphere, 
whereas  the  values  in  the  second  column  are  for  a  thick  (infinite)  tamper  of  natural  uranium 
metal.    The  effect  of  the  tamper  in  reducing  the  critical  mass  of  the  core  is  very  striking. 

Table  1.3   Critical  Masses  of  Spheres 

Fissile  Material  Bare  Tamped 


Uranium-235 
Plutonium-239 


52  kg 
16  kg 


17. 2  kg  ^ 
5. 8  1^ 

It  may  be  noted  that  there  is  still  another  factor  which  affects  the  critical  size:  it  is  the 
speed  (or  energy)  of  the  neutrons  causing  fission.    The  rate  of  the  fission  process  is  determined 
by  the  fission  cross  section,  as  will  be  seen  later,  and  this  varies  with  the  neutron  energy.  How- 
ever, as  far  as  nuclear  fission  weapons  are  concerned,  it  may  be  tacitly  assumed  that  only  fast 
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neutrons,  mainly  with  energies  in  the  range  from  0. 5  to  2  Mev,  are  involved.    Bt'Ciuin'  .>!  it» 
relatively  long  slowing-down  time,  fission  by  slow  neutrons  would  be  less  effective  \n  .lo  pk, 
plosion. 

1,  3   Attainment  of  Criticality 

Assembly  Method  (Gun-Type  Weapons) 

As  long  as  a  mass  of  fissile  material  is  less  than  the  critical  value,  i.e.,  it  is  subcritical 
for  the  existing  conditions,  there  is  no  danger  of  a  chain  reaction  occurring.    But,  if  energy  is 
to  be  released,  e.  g. ,  in  an  explosion,  the  system  must  become  critical  and,  in  fact,  highly 
supercritical,  as  will  be  seen  shortly.    There  are  two  general  ways,  utilized  in  weapons,  for 
rapidly  converting  a  subcritical  system  of  fissile  material  into  one  that  is  supercritical. 

The  first  may  be  referred  to  as  the  method  of  assembly.    Two  portions  of  subcritical 
size  are  brought  together  very  rapidly,  so  that  the  combined  mass  is  supercritical     If  a  burst 
of  neutrons  is  then  introduced,  a  divergent  fission  chain  will  be  initiated  and  there  will  be  a  rapii 

•r 

release  of  energy  within  a  very  short  time^i  This  is  the  principle  used  in  weapons  of  the  gun 
itype:   one  subcritical  portion  of  fissile  material  is  shot  into  another  subcritical  portion,  the 
(combination  exceeding  the  critical  mass. 

Compression  Method  (Implosion  Weapons) 

The  second  method  of  attaining  criticality  (or  super  criticality)  is  based  on  compression 
of  the  subcritical  fissile  material.    An  approximate  quantitative  treatment  of  the  relationship 
between  the  compression  ratio  and  critical  mass  may  be  derived  as  follows.    In  accordance 
with  the  definition  given  above,  the  mean  free  path  of  a  neutron  is  the  average  (crow-flight) 
distance  a  neutron  travel?  before  it  interacts  with  a  nucleus.    The  proportion  of  neutrons  avoidin 
interaction,  and  which  can  consequently  escape  from  the  system,  will  evidently  depend  on  the 
ratio  of  the  dimensions,  e.g.,  the  radius  of  a  sphere,  to  the  mean  free  path.    It  is  to  be  ex- 
pected, therefore,  that  for  a  given  fissile  (core)  material,  under  specified  conditions,  the  critical 
radius  will  be  approximately  proportional  to  the  neutron  mean  free  path;  thus,  if       is  the 
critical  radius  and  \^  is  the  mean  free  path  in  the  core, 

R     oc     X  .  (1.3) 
c  c 

The  mean  free  path  of  a  neutron  is  obviously  inversely  related  to  the  pr  .h.iinlity  of  its 
interaction;  the  greater  the  probability  of  interaction,  the  smaller  the  dist.mc-'  ti.f  neutron  will 

travel  before  it  interacts  with  a  nucleus.  The  probability  of  interaction  is  pr^     t  tujnal  to  the 

number  of  fissile  nuclei  per  unit  volume,  and  hence  to  the  density;  so  that,  i!  is  the  density 
of  the  core  material. 
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QC     -J-.  (1.4) 

The  density  of  the  material  is  dependent  on  the  compression;  thus,  if  C  is  the  compression 
ratio,  i.e.,  the  volume  before  compression  to  that  after, 

C  cx    p^.  (1.5) 

Combination  of  equations  (1.3),  (1.4),  and  (1.5)  then  leads  to  the  result 

R,  oc  .  (1.6) 

The  critical  mass       is  related  to  the  critical  radius  and  the  density  of  the  material  by 

?*c  =-l-'^«c^''c'  (1-^) 

and  upon  substituting  equation  (1.6)  for       and  equation  (1.5)  for  p^,  it  is  seen  that 

M    oc    -^5-   .  (1.8) 

The  critical  mass  of  a  given  fissile  material  is  thus  inversely  proportional  to  the  square  of 
the  compression  ratio.    By  increasing  the  compression  the  critical  mass  is  consequently  de- 
creased. 

It  follows,  therefore,  that  if  a  subcritical  mass  of  fissile  material  is  compressed  it  may 
become  supercritical.  |r 


I  In  other  words,  it 


will  be  highly  super cr**-ical,  and  the  introduction  of  neutrons  will  cause  a  rapidly  divergent 
fission  chain  to  develop. 

If  the  mass  of  fissile  (core)  material  is  tamped,  then  the  result  in  equation  (1. 8)  is  true 
only  if  both  the  tamper  and  the  core  are  compressed  to  the  same  extent.    Actually,  uniform 
compression  is  not  attained  throughout;  it  is  greater  near  the  center  of  the  bomb,  i.«. ,  in  the 
core,  than  further  out,  e.g.,  in  the  tamper.    Even  within  the  core  itself  there  is  a  compression 
gradient.    In  general,  therefore,  the  relationship  between  the  critical  mass  and  the  average  com- 
pression ratios  of  the  core  (C^)  and  of  the  tamper  (C^)  may  be  represented  by 
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so  that  when  and  are  identical,  this  reduces  to  equation  (1.8).  For  mosi  etivM  tl 
in  the  weapons  field,  a  good  approximation  is 


M  oc 
c 


1.7 


(1. 10) 


since  the  conditions  are  such  that  the  tamper  is  compressed  to  a  smaller  extent  than  is  the  con 
The  use  of  compression  to  attain  supercriticality  is  employed  in  weapons  of  the  implosion 
type;  the  reason  for  this  name  will  be  seen  later.  Not  only  does  increased  compression  result 
in  a  decrease  in  critical  mass,  it  is  also  accompanied  by  an  increase  in  efficiency  of  the 
energy  release,  as  will  be  seen  in  Section  2.1.  Consequently,  the  attainment  of  higher  and 
higher  compressions  is  one  of  the  Important  objectives  of  weapon  development. 


1.4  Neutron  Multiplication 

flate  of  Fission  Reaction 

No  matter  how  it  originates,  an  explosioa  involves  the  very  rapid  liberation  of  a  large 
amount  of  energy.    If  the  energy  is  to  be  produced  by  fission,  then  the  necessary  condition  is 
a  very  high  neutron  density,  since  the  rate  of  fission,  and,  hence,  the  rate  of  energy  release, 
is  proportional  to  the  number  of  neutrons  per  unit  volume.   It  is  of  interest,  therefore,  to  in- 
vestigate the  circumstances  which  lead  to  a  high  neutron  density. 

It  was  seen  earlier  that  tlie  number  of  neutrons  available  to  cause  fission,  for  every  neu 
tron  captured  In  a  fission  process,  in  each  generation  is  equal  to  k,  i.e.,  to  v  -  £  ,  where  u 
is  the  average  number  of  neutrons  produced  per  fission  and  £  is  the  average  number  lost  by 
escape  and  nonfission  capture.    This  means  that  for  every  n  neutrons  present  at  the  beginning 
of  a  generation,  there  will  be  nk  present  at  the  end,  so  that  the  gain  of  neutrons  is  n(k  -  1) 
per  generation.    The  rate  of  gain,  dn/dt,  may  then  be  obtained,  roughly,  upon  dividing  the  actu; 
gain  by  the  average  time,  t,  between  successive  fission  generations;  hence, 


dn 
dt 


n(k  -  1) 

T 


(1.11) 


This  result  will  be  strictly  correct  only  if  the  delayed  neutrons  play  no  significant  part  in 
maintaining  the  fission  chain.    As  seen  above,  this  condition  is  appUca,ble  to  nuclear  fission 
weapons. 

The  quantity  k  -  1,  which  is  the  excess  number  of  available  neutrons  per  fission,  may  be 
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Chapter  2 
Efficiency  of  Fission  Weapons 
2.  1   Determination  of  Efficiency 

Definition  of  Efficiency 

The  efficiency  (0)  of  any  weapon  may  be  defined  as  the  ratio  of  the  energy  actually  de- 
veloped when  it  explodes,  i.e.,  the  energy  yield,  to  the  total  energy  available,  i.e., 

energy  yield  ^2.  1) 

^         energy  available 

In  other  words,  it  is  the  fraction  of  the  energy  available  which  is  actually  released  in  the  ex- 
plosion.   In  the  case  of  a  fission  weapon  this  is  equal  to  the  ratio  of  the  number  of  nuclei 
which  actually  undergo  fission  to  the  total  number  of  fissile  nuclei  present. 

In  designing  a  fission  weapon  it  is  essential  to  be  able  to  estim-ate  its  yield  from 
theoretical  considerations.    But  the  calculation  of  the  efficiency  is  very  complicated,  involving 
a  detailed  hydrodynamic  treatment  of  the  core  material  and  tamper  during  the  main  period  of 
energy  release,  i.  e. ,  in  the  interval  between  about  the  50th  and  55th  generations  after  initiation 
of  the  fission  chain.    With  the  availability  of  high-speed  electronic  computers,  such  as  the  IBM 
701  and  the  MANIAC,  progress  is  now  being  made  in  the  rapid  calculation  of  the  efficiency  of 
any  proposed  fission  weapon.    However,  the  procedures  are  tedious  and  not  necessarily  com- 
plete, so  that  other,  partially  empirical,  methods  for  determining  efficiencies  are  still  in  gen- 
eral use. 

Detailed  Calculation  Procedure 

The  following  description  is  intended  as  a  brief  outline  of  the  detailed  method  for  calcu- 
lating weapon  yields  (or  efficiencies);  its  purpose  is  merely  to  give  a  general  indication  of  the 
procedure  used.    The  bomb  assembly  is  divided,  somewhat  arbitrarily,  into  a  finite  number  of 
concentric  shells,  and  the  time  behavior  of  each  shell,  or  "mass  point,"  is  determined  by 
numerical  calculations  using  equations  describing  the  processes  of  neutron  production,  material 
acceleration,  and  heat  flow.    The  initial  time  for  purposes  of  these  calculations,  at  which  sig- 
nificant physical  effects  may  be  assumed  to  begin,  is  taken  as  that  after  the  50th  generation. 
Up  to  this  time  the  mass  points  are  essentially  stationary,  and  very  little  energy  has  been 
liberated.    The  subsequent  changes  with  time,  as  the  system  expands,  are  treated  by  calculating 
the  neutron  density,  position,  and  physical  properties  of  the  mass  points  at  time  t  +  At  in  terms 
of  those  existing  at  time  t.    For  convenience,  different  time  intervals  At  may  be  taken  for 
different  purposes. 

Starting  with  the  initial  radii,  masses,  and  nature  of  the  fissile  material  for  the  several 
mass  points,  the  values  of  a  and  of  the  neutron  distribution  at  the  zero  time  can  be  determined 
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by  some  form  of  neutron  transport  theory.  Then,  making  use  of  this  alpha  and  the  familiar 
equation  (1.16),  for  the  time  rate  of  increase  of  neutron  population,  the  neutron  distribution 
after  the  interval  At  can  be  evaluated. 

The  next  step  is  to  determine  the  acceleration  of  the  mass  points  by  hydrodynamic  calcu- 
lations; this  gives  the  velocity  at  At,  from  which  the  new  radii  of  the  mass  points  can  be 
obtained.    Finally,  the  temperature  distribution  is  calculated  from  the  heat  flow  equation,  taking 
into  account  the  energy  produced  by  fission,  the  work  done  by  the  mass  points  in  their  outward 
motion,  and  the  transfer  of  energy  by  radiation. 

These  calculations  complete  one  cycle,  since  the  new  neutron  densities,  radii,  and  tem- 
peratures of  the  mass  points  are  now  known.    From  the  temperatures,  the  new  physical  pro- 
perties are  determined.    The  whole  procedure,  starting  with  alpha  and  the  neutron  distribution, 
is  repeated  over  and  over  until  the  bomb  has  completely  exploded  and  the  rate  of  energy  re- 
lease by  fission  has  fallen  almost  to  zero.    Upon  summing  the  number  of  fissions  which  have 
taken  place,  the  total  energy  yield  can  be  obtained.    This  includes  the  energy  released  by  fission 
after  the  system  has  expanded  and  become  subcritical.    Although  chain  propagation  is  no  longer 
possible,  interaction  of  the  many  neutrons  and  fissile  nuclei  still  present  will  result  in  a  con- 
siderable energy  production;  this  may  amount  to  some  30  per  cent  of  the  total  yield. 

The  Bethe-Feynman  Formula 

The  formula  for  the  efficiency  of  a  nuclear  explosion  derived  by  Bethe  and  Feynman  is 
admittedly  approximate  since  it  involves  a  number  of  simplifying  assumptions.    It  is  based 
largely  on  the  following  arguments.    As  a  result  of  the  energy  liberated  in  fission,  very  large 
pressures  are  developed  in  the  core,  and  the  core-tamper  interface  consequently  receives  a 
large  outward  acceleration.    This  causes  highly  compressed  tamper  material  to  pile  up  just 
ahead  of  the  expanding  interface,  in  an  effect  referred  to  as  the  "snowplow"  phenomenon,  be- 
cause of  its  similarity  to  the  piling  up  of  snow  in  front  of  a  snowplow.   The  inertia  of  the  com- 
pressed tamper  will  delay  expansion  of  the  core,  so  that  a  considerable  pressure  gradient  will 
build  up  from  the  center  of  the  core  to  its  outer  surface. 

Further,  as  a  result  of  the  delayed  expansion,  it  may  be  supposed  that  the  volume  of  com- 
pressed core  remains  essentially  constant  during  the  first  50  or  so  generations  followin«^  in- 
itiation of  the  fission  chain.    After  this  interval,  almost  the  whole  of  the  bomb  energy  is  re- 
leased within  an  extremely  short  period,  during  which  time  the  core  expands  rapidly  u.".til  it 
becomes  subcritical.    Although  there  is  an  appreciable  energy  release  in  this  state,  .is  seen 
above,  the  liberation  of  energy  may  be  regarded  as  over  when  the  dimensions  are  just  C  ritical, 
It  will  be  assumed,  in  the  subsequent  treatment,  that  during  the  very  short  period  while  the 
energy  is  being  released,  none  escapes  from  the  system.    It  may  be  remarked  that  im  st  .  f  the 
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SNOWPLOW  REGION 


CORE  BEFORE 
EXPANSION 


CORE  WHEN  FISSION 
CHAIN  ENDS 


Fig.  3.1 


approximations  and  asauniptionii  involved  are 
applicable  when  the  efficiency  is  small,  and 
it  is  for  this  condition  that  the  Bethe-Feynmai 
treatment  is  justifiable. 

Let  R  be  the  radius  of  the  core  at  the 
point  of  maximum  supercriticality;  then,  in 
accordance  with  the  postulate  made  above, 
this  will  remain  unchanged  until  about  the 
50th  generation  after  initiation  of  the  fission 
chain.    Subsequently,  the  energy  content  of 
the  system  becomes  so  large  that  mechanical 


effects  begin  and  the  core  starts  to  e:q)and. 
Suppose  that  when  the  core  has  expanded  by  a  fraction  6,  so  that  the  radius  is  R(  1  +  6),  '^'^^^ 
system  is  just  critical  (Fig.  2.1).  Beyond  this  point  the  core  material  will  be  subcriti-cal;  the 
fission  chain  will  end  and  there  will  be,  according  to  an  earlier  assumption,  essentially  no 


further  release  of  energy. 

Consider  a  thin  shell  of  material  in  the  core,  of  volume  dV  and  thickness  dr;  the  cross- 
sectional  area  of  the  shell  is  then  dV/dr.    If  dP  is  the  pressure  difference  on  the  two  sides 
of  this  shell,  caused  by  the  fission  energy  liberated,  the  net  outward  force,  F,  to  which  the 
shell  is  subjected,  i.e.,  pressure  x  area,  is  then 


s 


dr      dr  ' 


(2.2) 


where  dP/dr  is  the  pressure  gradient  in  the  given  shell.    As  a  reasonable  .ippr  iximation,  it 
may  be  supposed  that  the  pressure  gradient  is  constant  throughout  the  cori'.  >  i  that  it  is 
possible  to  write 


dP 

dr 


_P 
R 


where  P  is  the  total  difference  in  pressure  from  the  center  of  the  core  ; 
Hence,  from  equations  (2.2)  and  (2,3), 

F.fdV  . 

The  time  required  for  the  core  to  expand  from  radius  R  to  R(  1  - 
R6,  is  about  five  generations.    However,  as  a  rough  approximation  this  :: 
where  a  is  the  multiplication  rate  when  fission  is  initiated,  as  describe j 


(2.3) 


.ler  surface. 


(2.4) 

distance  of 
Kon  as  l/a, 
n  1.4. 
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Hence,  the  mean  outward  acceleration  of  the  core  material,  and  of  the  shell  dV,  may  be  ex- 
2 

pressed  as  R6a  .    The  mass  of  the  shell  is  p  dV,  where  p    is  the  core  density,  and,  hence, 

c  c 

by  Newton's  second  law  of  motion,  i.e.,  force  =  mass  x  acceleration,  the  force  acting  on  the 
shell  is  given  by 

F  a  R6a^  X  p  dV  . 

Upon  comparing  this  result  with  equation  (2.4),  it  is  seen  that 

P  =  p^rVs  .  (2.5) 

At  the  existing  temperatures  the  core  material  will  be  in  the  gaseous  state,  and  if,  as 
postulated,  the  loss  of  energy  from  the  system  during  the  initial  expansion  is  negligible,  it 
may  be  considered  as  a  gas  undergoing  an  adiabatic  process.    The  total  energy  of  such  a 
gas,  which  may  be  regarded  as  equal  to  the  energy  of  the  core,  is  then 

E-^^ :  (2.6) 

where  y  is  the  ratio  of  the  specific  heats  of  the  gas.  Using  equation  (2.5)  for  P  and  writing 
M/p^  for  the  volume  of  the  core,  M  being  the  mass,  equation  (2.6)  becomes 

If  €  is  the  energy  released  in  the  complete  fission  of  unit  mass  of  core  material,  i.e., 
about  0.017  kt  per  gram  for  uranium-235  and  0.019  kt  per  gram  for  plutonium-239,  then  the 
total  energy  available  in  the  core  is  Me,  and  the  efficiency,  by  equation  (2,1),  should  be 
E/Me,  where  E  is  given  by  equation  (2.7).  However,  this  is  not  strictly  correct,  for  in  the 
derivation  of  this  equation  no  allowance  has  been  made  for  the  depletion  of  the  core  material 
as  fission  proceeds.  For  low  efficiencies  this  is,  of  course,  not  important,  but  a  distinction 
will,  nevertheless,  be  made  by  writing  0'  for  the  value  obtained  using  equation  (2.7),  so  that 

where  0'  may  be  related  to  the  true  efficiency,  0,  by  a  relationship  such  as 

^  =  rn3^  >  (2.9) 

sometimes  referred  to  as  the  depletion  correction. 

If  the  tamper  density,  p^,  is  not  very  different  from  that  of  the  core,  then,  within  a 
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moderate  range  of  efficiencies,  approximate  allowance  for  the  effect  of  the  tamper  may  be 
made  by  a  factor  proportional  to  (p^/p^)",  where  n  is  less  than  unity.    The  limited  applica- 
bility of  the  correction  may  be  seen  from  the  fact  that  it  fails  completely  when  there  is  no 
tamper,  i.e.,  when  p^  is  zero.    However,  upon  introducing  this  correction  factor,  with  n  =  0.5, 
into  equation  (2.8),  the  result  is 
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0'  oc 


(r  -  l)e 


2  2 
R  a  5 


t 


(2.10) 


The  first  factor  on  the  right  side  is  a  constant,  k,  so  that  equation  (2.10)  reduces  to 

,2  2  l~P 


0'  a  kR  a  5 


which  is  one  form  of  the  Bethe-Feynman  formula. 


(2.11) 


r 


Since  the  total  mass  of  fissile  material  is  known,  the  actual  energy  release 


can  also  be  evaluated. 

By  comparison  with  experimental  determinations,  to  be  described  in  Chapter  6,  it  has 
been  found  that  while  the  Bethe-Feynman  formula  is  a  useful  qualitative  guide,  it  is  not  always 
quantitatively  correct.  ^  For  example,  the  so-called  constant,  k,  varies  with  the  yield  and  with 
the  composition  of  the  core  material,  e.g.,  either  plutonium  alone,  oralloy  alone,  or  combina- 
tions of  both  in  various  proportions.    Hence,  normalization  procedures  must  be  adopted  when 
using  equation  (2.11).    As  an  increasing  amount  of  information  has  become  available,  it  has 
been  found  possible  to  adjust  the  value  of  k,  and  also  to  make  other  semi-empirical  correc- 
tions.  'Carefully  applied,  the  Bethe-Feynman  approximation  has  been  used  successfully  to  de- 
sign bombs  having  a  wide  range  of  energies.    For  complex  assemblies  or  where  line  distinc- 
tions are  sought,  however,  more  exact  methods  of  calculating  efficiencies  are  used,  e.g.,  the 
detailed  procedure  described  earlier  or  the  crits  method  given  below. 

Effect  of  Size  and  Compression  on  Efficiency 

From  an  examination  of  equation  (2.11)  a  number  of  general  conclusions  can  be  drawn 

concerning  the  factors  affecting  the  efficiency  of  a  nuclear  explosion,  j  In  the  first  place,  since 

2  ^~***^ 
the  efficiency  increases  as  R  ,  it  would  be  advantageous  for  the  core  to  be  large  at  the  time 

of  initiation  of  the  fission  chain.    This  can  be  achieved  in  practice  by  bringing  together  sub- 
critical  masses  which  are  designed  to  contain  a  large  total  amount  of  fissile  material,  f  Thus, 
for  a  given  compression  (or  for  no  compression),  the  efficiency  would  be  e}q>e<:ted  to  be 
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greater  the  larger  the  mass  of  the  core  material.    This  expectation  has  been  confirmed  in 
numerous  tests. 

Although  compression  will  result  in  a  decrease  in  R,  this  will  be  more  than  compensated 

2 

for  by  the  considerable  increase  in  a  ,  for  the  reasons  given  in  Section  1.4.    In  addition,  the 
effect  of  compression  on  6  must  be  taken  into  account;  the  more  highly  compressed  the  core 
material  at  the  time  of  initiation,  the  further  will  be  the  distance  the  surface  will  travel  be- 
fore the  supercritical  system  becomes  just  critical.    Thus,  increased  compression  should  re- 
sult in  a  marked  increase  of  efficiency;  that  this  is  the  case  is  shown  very  simply  by  com- 
paring the  yield  from  a  gun-type  weapon,  in  which  there  is  no  compression,  with  that  of  an 
implosion  weaponi 


The  effect  of  increasing  the  compression  in  an  implosion  weapon  is  indicated  by  the 


data  in  Table  2.1  which  are  based  partly  on  experiment  and  partly  on  calculation. 

Table  2.1     Effect  of  Compression  on  Efficiency 
Average  Compression 
Core  Tamper 


Efficiency 
(per  cent) 


Calculation  of  Efficiency  by  the  Crits  Method 

Consider  a  system  containing  a  mass  M  of  fissile  material  under  a  compression  C^; 
let       be  the  critical  mass  of  the  material  under  these  conditions  with  a  specified  tamper. 
Then  the  number  of  crits  or  critical  masses,  N,  present  is  given  by 


N 


M 


(2.12) 


XfOL 
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and  so  if  M     is  the  critical  1 

CO  I 

mass  of  the  uncompressed  material,  i.e.,  when  C^  =  1,  with  the  same  tamper,  in  the  assembled  j 


According  to  equation  (1.8),  however,        is  proportional  to  1/C^ 


form,  it  follows  from  equation  (2.12)  that 

2 


MC 


s 


N  =- 


M 


(2.13) 


CO 


From  the  general  discussion  of  the  Bethe-Feynman  formula  it  was  seen  that  increasing 
either  the  mass  of  fissile  material  or  of  the  core  compression  results  in  an  increase  of  ef 
ficiency.    It  is  evident,  therefore,  from  equation  (2.13)  that  the  efficiency  of  a  weapon  will 
increase  with  the  number  of  crits  present  at  the  explosion  time.    This  qualitative  result  is  "^v^ 
of  considerable  interest,  but  a  more  quantitative  development  is  possible,  e.g.,  by  expressing  ' 
a  and  6  as  empirical  functions  of  the  number  of  crits.  <^ 


The  method  used  to  calculate  efficiencies  by  the  crits  method  is  to  consider  a  specific 
core  material,  e.g.,  either  oralloy  or  plutonium,  and  a  given  tamper.    The  efficiencies  for 
various  masses  of  core  and  a  certain  compression,  which  may  be  unity,  are  then  calculated 
in  any  convenient  manner,  e.g.,  by  the  Bethe-Feynman  formula.    From  the  results,  a  curve 
expressing  the  variation  of  efficiency  with  the  number  of  crits  can  be  drawn.    According  to 
the  arguments  presented  above,  this  curve  should  apply  to  all  core -tamper  systems  of  the 
same  type,  i.e.,  with  the  same  core  material  (plutonium  or  oralloy)  and  the  same  ratio  of 
the  compressions  (or  densities)  of  core  and  tamper. 

Since,  for  any  core  of  mass  M  and  compression  C^,  the  number  of  crits  is  given  by 
equation  (2.13),  the  efficiency  of  the  corresponding  fission  weapon  can  be  obtained  directly 
from  the  curve.    A  different  curve  is  used,  of  course,  for  each  core  material.    Variations  in 
the  ratio  of  core-tamper  compressions  and  in  the  neutronic  thickness  of  the  tamper  are  taken 
into  account  in  estimating  the  critical  mass.    For  composite  cores,  containing  both  plutonium 
and  oralloy,  semi-empirical  adjustments  are  required  to  make  the  crits  method  applicable  to 
such  systems. 

The  crits  method  has  been  found  to  provide  a  rapid  and  reliable  procedure  for  calculat- 
ing efficiencies.    Its  main  advantage  over  the  Bethe-Feynman  formula  lies  in  the  fact  that  the 
difficult  and  uncertain  neutron  theory  calculations  of  a  and  6  for  «ach  case  are  avoided.  The 
basic  curve  showing  the  variation  of  the  efficiency  with  the  number  of  crits  is  determined  by 
applying  the  Bethe-Feynman  formula  to  a  simple  system  for  which  this  formula  is  known  to  be 
reliable. 
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2.2    Factors  Affecting  Efficiency 

Effect  of  Impurities  on  Efficiency 

It  was  seen  in  Section  1.2  that  the  presence  of  impurities  in  the  fissile  material  results 
in  an  increase  in  the  critical  mass.    Hence,  the  number  of  crits  present  in  a  given  mass  of 
fissile  material  will  decrease  as  the  proportion  of  impurity  increases.    As  seen  above,  a  de- 
crease in  the  number  of  crits  means  a  decrease  of  efficiency.    Consequently,  the  efficiency 
of  a  weapon  will  suffer  appreciably  if  nonfissionable  impurities  are  present.    For  this  and 
other  reasons,  as  will  shortly  be  evident,  it  is  desirable  that  the  fissionable  material  be  as 
pure  as  possible.    Some  indication  of  the  effects  on  the  energy  yield  of  plutonium-240  as  an 
impurity   will  be  given  below  (Table  2.4). 

Effect  of  Predetonation  on  Efficiency 

The  time  at  which  the  fission  chain  is  initiated  is  of  paramount  importance  in  determin- 
ing the  yield  of  a  given  weapon. 


There  is  a  certain  probability  that  the  fission  chain  will  be  initiated  during  this 
period  by  a  background  neutron,  but  the  chance  that  this  will  occur  at  optimum  compression 
is  very  small.    Consequently,  it  is  essential  that  a  neutron  source,  such  as  described  in 
Section  1.5,  be  included  to  initiate  the  chain  reaction  at  the  proper  time. 


\  "      The  effect  of  predetonation*  can  be  illustrated  by  reference  to  Fig.  2.2,  in  which  the 
jordinates  are  either  the  nunnber,  N,  of  critical  masses,  i.e,  crits,  or  a,  the  multiplication  f 


*The  term  "predetonation"  as  used  at  LASL  refers  to  initiation  before  maximum  supercriti- 
cality.  Preinitiation,  used  by  some  workers,  would  be  a  more  appropriate  term,  i)ut  there 
appears  to  be  little  prospect  of  its  general  adoption. 
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Fig.  2.2 


j  rate,  and  the  abscissae  are  elapsed  time 
1  from  the  beginning  of  the  assembly  of  a 
I  gun-type  weapon  or  compression  of  an  im 
implosion  weapon.'  The  numerical  values 
'  given  for  N  and  a  are  not  exact  and  are 
:  intended  merely  as  an  indication  of  the 
changes  which  occur.   The  times,  on  the 
other  hand,  are  fairly  representative  of  an 
implosion  weapon.    The  horizontal  dotted 
line  represents  the  situation  for  a  system 
that  is  just  critical,  i.e.,  N  =  1,  a  =  0. 
Actually,  the  curves  for  N  and  for  a  as 
functions  of  time  are  somewhat  different, 
and  the  maxima  do  not  necessarily  coin- 
cide.   However,  for  the  present  qualitative 
discussion,  a  single  curve  is  adequate. 
At  zero  time  the  fissile  material  is  subcritical,  i.e.,  N<1,  and  a  is  negative,  but  as" 
compression  (or  assembly)  occurs  the  value  of  N  increases  and  a  becomes  positive,  i.e.,  the 
system  becomes  supercritical.    If,  for  some  reason,  there  were  no  nuclear  explosion,  the 
fissile  material  would  suffer  decompression,  due  to  its  elasticity,  after  reaching  the  compres- 
sion maximum,  as  indicated  by  the  broken  line  in  Fig.  2.2.    In  the  case  of  a  gun  weapon,  the 
parts  may  fly  apart  due  to  the  impact. 

The  optimum  yield  will  obviously  be  obtained  if  initiation  occurs  at  the  aiaxiajuin  of  the 
curve,  i.e.,  when  N  has  its  maximum  value.'?  It  is  at  this  instant,  a  few  microseconds  after 
compression  starts,  that  the  chain  should  be  initiated  by  the  special  neutron  sourx:e.    In  this 
event,  the  whole  nuclear  explosion  will  be  over  in  0.25  to  0.75  /isec,  as  stated  in  Section  1.4 
If  a  neutron  entered  the  core  in  the  period  between  that  at  which  N  =  1,  a  =  0  and  the 
maximum  of  the  curve,  i.e.,  while  the  system  is  supercritical  but  before  maximum  super- 
criticality  is  attained,  an  explosion  would  occur,  but  since  N  would  not  be  as  large  as  is  pos- 
sible, the  efficiency  will  be  low.    Thus,  in  order  to  attain  the  highest  efficiency,  predetonation 
must  be  avoided.    The  same  will  also  be  true,  of  course,  for  postdetonation,  i.e.,  initiation 
after  the  maximum  of  compression  has  been  passed.  " 

The  variation  of  yield  with  time  of  initiation  may  be  calculated  by  any  of  the  methods 
given  above  for  the  determination  of  efficiency.    All  that  is  necessary  is  to  introduce  the 
values  of  N,  a,  p,  etc.,  which  are  appropriate  to  the  explosion  time  in  each  case.    The  values 
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of  0  will,  of  course,  pass  through  a  maximum,  corresponding  to  the  instant  of  maximum 
supercriticality. 

Oralloy:    Neutron  Background  and  Predetonation  Probability 

In  view  of  the  loss  of  efficiency  that  would  result  from  predetonation,  it  is  necessary 
to  consider  the  question  of  background  neutrons,  due  to  spontaneous  fission  and  to  the  action 
of  alpha  particles  on  light  nuclei.    Nuclear  reactions  of  the  latter  type  are  referred  to  as 
(a!,n)  reactions. 

Because  of  the  relatively  low  rates  of  spontaneous  fission  of  both  uranium-235  and  -238, 
the  number  of  neutrons  due  to  this  cause  in  oralloy  is  very  small.    Further,  as  a  result  of 

the  very  long  half  lives  of  both  these  isotopes,  the  rate  of  alpha  particle  emission  is  very 

4- 

low.    The  third  naturally  occurring  isotope,  uranium-234,  has  a  half  life  of  2.35  x  10  years, 
and  so  emits  alpha  particles  at  an  appreciable  rate.    This  isotope  is  present  to  the  extent  of 
about  1.1  per  cent  in  oralloy.    However,  the  rate  of  neutron  liberation  in  oralloy  as  a  result 
of  ( a,  n)  reactions  with  light  elements  is  not  very  large.  . 

The  total  background  nftutron,.i»:oduction  ia  nrallny  dnes  .ncrf  2  neutrons/sec       j  A 

perks^  \         .    ■        ■  .   ;  '        ■ -  ^  /|F|^ 

  ijf  Pj  is  the  prob^ffiKfy  tfiaivip&ackground  neutron        /  y-* 


will  be  available  in  the  fissile  material  during  the  period  that  the  core  is  supercritical,  and  L 
Pg  is  the  probability  that  this  neutron  will  be  able  to  start  a  fission  chain,  then  the  probability,! 
P,  of  predetonation  is  given  by 


P  P 

1  -  e 


(2.14) 


«P  P 


^the  approximate  form  being  applicable  when  P^Pg  is  small.  JJ 

It  should  be  pointed  out  that  Pg  is  a  function  of  time  and  that  both  P^  and  depend, 
to  some  extent,  on  the  position  of  the  neutron  and  other  variables.    For  the  present  purpose, 
which  is  to  draw  general  conclusions  only,  specific  values  will  be  assigned  to  both  P^  and  P2. 
A  neutron  may  either  escape  from  the  system  altogether,  or  be  captured  in  a  nonfission  re- 
action, or  produce  fission.  ^^^Although  the  probabilities  of  these  three  processes  are  by  no 
means  equal,  it  will  be  postulated  here  that  P2  has  an  average  value  of  0.3  over  the  predeto-  ^ 
nation  period,  in  all  cases. Jrf 
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J  ~^    When  the  shock  wave  produced  by  the  detonation  of  the 
■  HE  inner  charge  enters  the  tamper,  the  latter  moves  forward, 
with  the  attached  pusher,  through  the  air  space  with  increasing 
velocity.    As  a  result,  when  the  tamper  reaches  the  core,  it 
strikes  the  latter  a  tremendous,  hammer-like  blow.  More 
energy  is  thereby  transferred  to  the  core,  which  is  consequently 
more  highly  compressed  than  would  be  the  case  in  the  absence 
of  a  free  run. 


Fig.  3.4 


Composite  Cores 
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Fig.  5.9 


Although  the  efficacy  of  the  Tom  initiator  has  iseen  proven 
in  several  test  explosions  of  complete  bombs,  a  detailed  study  of 
some  of  its  characteristics  has  been  made.  ! 


Fig.  5.10 
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*The  maximum  rate  of  neutron  production  is  2.8  neutrons/<isec  per  curie  of  polonium,  for  the 
(Qf,n)  reaction  with  beryllium. 
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The  ENS  Initiator 


The  new  external  initiator,  called  the  ENS  ( £}q)erimental  Neutron  Source),  makes  use  of 
the  fact  that  14-Mev  neutrons  are  released  in  the  T-D  reaction,  between  tritium  and  deuterium 
nuclei.    However,  the  energy  required  to  make  the  reaction  take  place  is  here  supplied  by  ac- 
celerating tritium  ions  (tritons)  in  an  electrical  field;  these  high-energy  ions  then  impinge 
upon,  and  react  with,  deuterium  nuclei. 
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Fig.  5.12 
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The  fission  products  which  have  been  used  most  extensively  in  efficiency  measurements 
are  molybdenum-99  (half  life  67  hours)  and  zirconium-97  (half  life  17  hours).    These  isotopes 
have  convenient  half  lifes,  and  their  fission  yields,  which  are  among  the  largest,  are  not 
greatly  dependent  upon  the  energy  of  the  neutrons  causing  fission.    The  \y  values  for 
molybdenum-99  are  almost  identical  for  fission  of  uranium-235  and  plutonium-239,  so  that  no 
correction  is  necessary  if  the  bomb  core  contains  both  of  these  fissile  species.    For  this  and 
other  reasons,  molybdenum  is  the  preferred  isotope.    For  zirconium,  the  Xy's  are  slightly 
different  and  the  value  used  to  determine  f  depends  upon  the  composition  of  the  core. 

The  fraction  6  of  the  bomb  in  the  post-shot  sample  can  be  determined  by  analyzing  for 
one  of  the  major  constituents,  e.  g. ,  uranium-235,  plutonium-239,  or  total  uranium,  and  cor- 
recting for  the  amounts  lost  in  nonfisslon  reactions,  such  as  (n,y),  (n,  2n),  etc.    Since  the  total 
amount  of  each  of  these  species  present  in  the  original  bomb  is  known,  the  fraction  of  the  bomb 
in  the  sample  can  be  calculated. 

Another  method  for  determining  the  fraction  of  the  bomb  in  the  post-shot  sample  makes 
use  of  a  different  principle.    A  radioactive  tracer,  in  known  amount,  is  included  in  the  bomb 
before  detonation.    If  the  quantity  present  in  the  post-shot  sample  is  then  measured,  the  fraction 
of  the  bomb  in  the  sample  can  be  calculated.    The  supposition  is  here,  of  course,  that  the 
tracer  is  uniformly  distributed  throughout  the  whole  of  the  bomb  residues,  and  this  may  not 
be  the  case.    Measurements  of  this  kind  have  been  made  with  polonium-210  as  tracer,  but 
with  indifferent  success.    Nevertheless,  it  is  proposed  to  make  further  determinations  with  this 
isotope  and  also  with  curium-242  as  tracer. 

Determination  of  Fraction  of  Fissions  in  U-235,  Pu-239,  and  U-238 

It  is  of  interest  to  know  what  proportion  of  fissions  has  occurred  in  uranium-235,  plutonium- 
239,  and  uranium-238,  respectively.    Radiochemical  methods  have  been  developed  for  this 
purpose,  although  they  are  not  too  accurate.    The  fraction  of  the  total  fissions  involving 
uranium-235  is  represented  by  a,  the  fraction  in  plutonium-239  by  b,  and  that  in  uranlum-238 
by  c,  so  that 


Hence,  if  any  two  of  a,  b,  c  are  determined,  the  third  is  known. 

The  value  of  c  can  be  obtained  by  utilizing  the  experimental  fact  that  the  ratio  of  the 
238  237 

cross  section  for  the  U      (n,  2n)  U      reaction  to  that  for  the  fission  of  uranlum-238  Is  roughly 
constant,  independent  of  neutron  attenuation  in  the  uranium.    Hence,  If  the  amount  of  uranlum-237 
in  the  bomb  residue  sample  is  measured,  by  means  of  its  radioactivity,  the  number  of  uranium- 
238  nuclei  which  have  undergone  fission,  and  hence,  c,  can  be  calculated. 


a  +  b  +  c 


=  1. 
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The  determination  of  a  and  b  is  possible,  in  principle,  if  there  are  available  two  fission 
products  which  have  very  different  yields  (or  activities)  for  the  fission  of  uranium-235,  plu- 
toniuni-239,  and  uranium- 238.  Let 

Rgg    =    ratio  of  activities  for  U-235  fission 

R^g    =    ratio  of  activities  for  Pu-239  fission 

Rgg    =    ratio  of  activities  for  U-238  fission, 

so  that  the  observed  activity  ratio,  R,  is  given  by 

R    =    aRgg    +    bR^g    +    cRgg.  (6.6) 

Since  a  +  b  +  c  =  1,  then,  if  the  three  activity  ratios,  Rg^,  R^g,  and  Rgg,  have  been  deter- 
mined, any  two  of  the  fractions  a,  b,  c,  can  be  calculated  provided  the  third  is  known.  For 
weapons  containing  only  uranium-235  or  plutonium-239  as  the  fissile  material,  the  problem  is, 
of  course,  simplified. 

-'"^Of  the  pairs  of  isotopes  that  may  be  used  in  the  foregoing  connection,  one  is  always  \ 

chosen  to  be  molybdenum-99;  the  other  may  be  silver-Ill,  palladium-112,  cadmlum-115,  or  j 

■  ■     ■    ■  '       ■  I 

cerium-136.    Although  the  method  is  sound,  in  principle,  it  has  not  yet  given  satisfactory  results. 

This  is  believed  to  be  due  to  a  partial  separation  (or  fractionation)  of  the  elements  present  | 

in  the  fission  products.    Consequently,  the  post-shot  samples  do  not  always  have  the  same  | 

composition  as  the  bomb  residue  as  a  whole.    Such  is  not  the  case  for  molybdenum-99,  and 

that  is  one  reason  why  this  isotope  is  much  used  in  yield  determinations. 

Provided  c  is  known,  a  and  b  can  be  calculated  if  the  measured  ratio  of  uranium-235  to 
plutonium-239  in  the  post-shot  sample  is  compared  with  the  known  ratio  in  the  original  bomb. 
This  method  involves  corrections  for  the  amounts  of  these  two  isotopes  lost  in  nonfission  re- 
actions, as  well  as  for  the  formation  of  plutonium-239  as  a  result  of  neutron  capture  by  uranium- 
238,  followed  by  two  stages  of  beta  decay. 

In  a  test  shot  the  fraction  a  can  be  measured  by  incorporating  into  the  oralloy  an  in- 
dicator, such  as  titanium,  thorium,  thallium,  or  tungsten.    The  titanium  and  thorium  react  with 

47  47  232  231 

fast  neutrons,  i.e.,  Ti   (n,p)  Sc     and  Th     (n,  2n)  Th     ,  respectively,  whereas  the  thallium 

203  204  186  187 

and  tungsten  capture  slow  neutrons,  i.e.,  Tl      (n,7)  Tl      and  W      (n,  7)  W      followed  by 

187  188 

W  \n,y)  W  ,  to  form  characteristic.  Identifiable  products.  By  assuming  that  the  uranium- 
235  and  the  indicated  isotope  have  been  subjected  to  the  same  neutron  flux,  it  is  possible,  from 
a  determination  of  the  product  formed  and  the  known  cross  section  of  the  reaction,  to  calculate 
the  number  of  uranium-235  nuclei  which  have  undergone  fission. 
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Somewhat  analogous  procedures  can  be  used  to  determine  b,  except  that,  as  in  the  method 

described  above  for  c,  the  indicator  or  detector  species  is  already  present.    In  addition  to 

239  240 

undergoing  fission,  plutonium-239  is  involved  in  the  reaction  Pu       (n,y)  Pu  Consequently, 
if  the  amount  of  plutonium-240  present  in  a  post-shot  sample  is  determined,  and  allowance 
made  for  the  proportion  in  the  original  plutonium  and  the  amount  lost  in  various  neutron  re- 
actions, the  number  of  plutonium-239  fissions  can  be  calculated.    It  is  of  interest  to  note  that 
the  plutonium-240  is  determined  with  a  mass  spectrograph  rather  than  by  its  radioactivity. 
The  alpha  particles  from  the  240-isotope  are  not  easily  distinguished  from  those  emitted  by 

plutonium-239  because  of  their  similar  energies. 

239  238 

Another  reaction  for  determining  b  is  Pu       (n,  2n)  Pu       with  fast  neutrons.    In  this 
case,  the  amount  of  plutonium-238  in  the  bomb  residue  sample  can  be  estimated  from  its  alpha 
radioactivity  since  the  particles  can  be  resolved  from  those  emitted  by  the  other  plutonium 
isotopes. 

The  plutonium  used  in  weapons  invariably  contains  some  plutonium-241  as  an  impurity; 

this  is  a  beta-particle  emitter  with  a  half  life  of  14  years,  the  decay  product  being  americium- 

241,  half  life  470  years.    It  is  seen,  therefore,  that  the  plutonium  components  of  bomb  cores 

which  have  been  stored  for  some  time  will  contain  appreciable  amounts  of  americium-241. 

241  242 

In  the  exploding  bomb,  the  latter  will  undergo  the  reaction  Am       (n,y)  Am     ,  followed  by 
beta  decay  of  the  americium-242  to  form  curium-242.    The  curium-americium  ratio  in  the 
post-shot  sample  will  thus  be  roughly  proportional  to  the  amount  of  fission  which  has  occurred 
in  the  plutonium-239. 

Sample  Collection 

The  collection  of  representative  samples  for  radiochemical  analysis  after  a  nuclear  ex- 
plosion has  proved  to  be  quite  a  difficult  matter.    For  reasons  not  clearly  understood,  fractiona- 
tion occurs  in  the  highly  complex  system,  so  that  a  particular  portion  of  the  bomb  residue  may 
not  have  the  same  composition  as  the  average  of  the  whole.    In  addition  to  the  requirement 
that  the  post-shot  sample  shall  be  representative,  it  must  be  of  sufficient  size  to  make  accurate 
analysis  possible;  it  must  not  be  contaminated  during  collection,  and  it  must  be  capable  of 
relatively  rapid  recovery  and  delivery  to  the  laboratory. 

Various  methods  of  sample  collection  have  been  tried  out  at  one  time  or  another;  the 
most  satisfactory  results  have  been  obtained  either  by  the  use  of  drone  aircraft  guided  through 
the  atomic  cloud  after  an  explosion  or  by  means  of  manned  aircraft  flying  into  the  cloud.  The 
samples  collected  are  of  two  types:   "snap"  samples  in  which  a  container  is  filled  with  es- 
sentially gaseous  material,  and  particulate  samples  obtained  by  drawing  the  air  and  other  gaset, 
through  a  filter.    The  mission  of  the  manned  aircraft  is  planned  so  as  to  give  satisfactory 
samples  with  minimum  radiation  exposure  of  the  crew. 
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fireball  surface,  is  of  special  interest.    This  has  been  referred  to  in  Section  6.  3  as  the  prompt 
or  effective  thermal  radiation.    The  latter  description  is  applied  because  it  is  this  radiation 
which  is  responsible  for  skin  burns,  and  possibly  of  fires  out  to  considerable  distances  from  a 
nuclear  explosion.    Prompt  thermal  radiation  studies  are  thus  of  interest,  not  only  because  they 
provide  information  concerning  the  phenomena  of  a  nuclear  explosion,  but  also  because  of  the 
importance  of  these  thermal  radiations  from  the  weapons  standpoint.    Measurements  are  usually 
made  of  the  total  energy  released  as  prompt  thermal  radiation  and  of  the  energy  variation  with 
time. 

The  total  prompt  thermal  radiation  is  measured  in  two  ways.    One  method  makes  use  of 
a  conventional  ballistic  thermocouple,  the  output  of  which  is  measured  with  a  thermopile  re- 
corder connected  to  a  photoelectronic  galvanometer.    In  the  other  method  a  blackened  container 
is  filled  with  air  whidh  expands,  due  to  the  temperature  increase,  when  radiation  is  absorbed. 
The  amount  of  the  latter  is  calculated  from  the  movement  of  a  diaphragm  indicatoi".    By  using 
data  for  the  transmission  of  radiation  by  the  atmosphere  just  prior  to  the  explosion,  such  as 
those  described  earlier,  the  total  energy  liberated  by  the  bomb  as  prompt  thermal  radiation 
can  be  estimated.* 

It  was  thought  at  one  time  that  a  definite  fraction  of  the  energy  of  the  explosion  appears 
as  prompt  thermal  radiation.    More  recent  measurements  have  shown,  however,  that  this 
fraction  varies  with  the  bomb  yield.    The  results  can  be  expressed,  to  a  fair  degree  of  ac- 
curacy, by  the  relationship 


4 


fy^    .    0,42Y°-9^°-^^J  (6.14) 


t  „  „  .„„0.9  ±  0.04 

where  the  prompt  thermal  radiation  yield,  Y^^^  and  the  total  bomb  yield,  Y,  are  expressed  in 
kilotons.  ilt  follows,  therefore,  that  for  a  20  kt  bomb  about  28  per  cent  of  the  energy  is  re- 
leased  as  prompt  thermal  radiation,  but  in  a  100  kt  bomb  the  proportion  is  only  23  per  cent.A 
The  amount  of  radiation  energy,  Q,  delivered  per  unit  area  at  a  distance  D  from  the  ex- 
plosion is  represented  by 

where  k  is  the  attenuation  coefficient  of  the  air  for  the  thermal  radiation  emitted  in  the  ex- 
plosion.   The  value  of  k,  which  determines  the  transmission  of  radiation,  depends  on  the  state 


*The  transmission  coefficient  depends  to  a  marked  extent  On  the  wavelength . of  the  radiation 
and  this  must  be  taken  into  account  in  the  calculation. 
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Because  of  the  very  short  exposures,  the  attenuation  of  light  between  the  ball  of  fire  and 
the  camera,  several  miles  away,  is  very  important.    It  is  necessary,  therefore,  to  monitor  the 
light  path  prior  to  the  test  shot,  by  the  method  already  described,  if  high-speed  photography  is 
to  be  used  for  ball-of-fire  measurements. 

Rotating  Mirror  (Streak)  Cameras 

The  rotating  mirror,  streak  cameras  used  in  weapons  tests  are  essentially  the  same  as 
those  described  in  Chapter  4  for  testing  detonators  and  HE  lenses.    A  rotating  mirror  reflects 
light  continuously  from  a  number  of  sources  on  to  a  film  strip;  the  distance  between  the  points 
at  which  the  traces  from  the  different  sources  commence  is  a  measure  of  the  time  interval 
between  the  initiation  of  the  respective  sources.    The  writing  speed  is  such  that  2  mm  is 
equivalent  to  1  /isec.    The  essential  purpose  of  the  streak  cameras  in  weapons  tests  is  thus  to 
determine  elapsed  time  between  two  or  more  events. 

One  such  use  is  to  measure  the  time  interval  between  the  fission  and  fusion  reactions  in 
separate  parts  of  a  two-stage  thermonuclear  device.    Each  type  of  process  will  induce  Teller 
light  (see  Section  6.4)  in  the  surrounding  air,  so  that  two  streaks  will  appear  on  the  camera 
film.    The  distance  betweeh  the  beginning  of  the  two  streaks  gives  the  time  between  the  two 
reactions. 

Another  application  of  the  rotating  mirror,  streak  camera  is  to  determine  shock  velocity 
and  pressure  within  a  device  by  studying  so-called  "hot  spots.  "   These  are  points  (or  small 
areas)  down  the  length  of  a  case  at  which  the  arrival  of  the  shock  front  from  a  fission  bomb 
is  indicated  by  strong  light  emission.    By  means  of  a  pipe  and  mirror  arrangement,  the  camera 
observes  only  certain  selected  points,  the  light  from  all  other  parts  of  the  bomb  being  blocked 
out.    From  the  positions  of  the  streaks  indicating  the  arrival  of  the  shock  front  at  successive 
points  a  known  distance  apart,  the  velocity  and  shock  wave  and,  hence,  the  shock  pressure  can 
be  calculated. 

The  propagation  of  the  shock  wave  through  a  particular  metal,  which  is  part  of  the  bomb 
case,  can  also  be  studied  by  the  hot-spot  procedure.    This  is  done  by  making  the  shock  wave 
traverse  different  thicknesses  of  the  metal,  by  drilling  the  bomb  case  at  some  points  and  adding 
pads  of  the  same  material  at  others.    The  various  spots  will  thus  become  luminous  at  different 
times  and  the  intervals  between  them  can  be  estimated  from  the  camera  streaks. 


Tenex  Measurements 

The  primary  purpose  of  the  Tenex  (temperature  neutron  experiment)  measurements  is  to 
nake  use  of  the  14-Mev  neutrons  produced  in  the  D-T  reaction  to  estimate  the  thermonuclear 
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"nmg  temperature.  |cStrictly  speaking,  these  neutrons  have  an  energy  of  14  Mev  only  if  the 
reacting  deuterium  and  tritium  nuclei  are  at  rest.    But  if  these  nuclei  are  in  motion,  the  neu- 
tron energy  will  be  14  Mev  plus  four  fifths  of  the  kinetic  energy  of  the  reacting  particles  in 
the  center-of-mass  (G-of-M)  system.    Actually  the  center  of  mass  is  in  motion  relative  to  the 
observer,  so  that  there  is  a  Doppler  energy  shift  superimposed  on  the  energy  in  the  C-of-M 
system.    Consequently,  neutrons  released  in  the  D-T  reaction  will  have  energies  covering  a 
band  in  the  vicinity  of  14  Mev.    The  higher  the  velocity  of  the  particles,  i.e.  ,  the  higher  the 
nuclear  temperature^  the  broader  the  band.  JThe  velocity  distribution  is  roughly  Gaussian,  with 
the  half  width  depending  on  the  temperature/j 

A  scintillation  detector  is  placed  at  a  considerable  distance  from  the  explosion,  so  that 
neutrons  of  different  energies  belonging  to  the  14-Mev  group  arrive  at  different  times.  ]  These 
are  recorded  on  a  synchroscope,  and  the  velocity  distribution  can  then  be  determined  from  the 
observed  "times  of  flight."  jFrom  this  distribution,  the  temperature  of  the  thermonuclear  re- 
action system  can  be  estimated.  * 

When  studying  thermonuclear  devices  of  high  energy  yield,  the  recording  instruments  must 
be  located  a  considerable  distance  away.    If  the  detectors  can  be  placed  near  the  explosion  point, 
long  cables  are  necessary  to  transmit  signals  to  the  recorders.    Such  lines  must  be  protected 
from  extraneous  gamma  radiations  by  extensive  earth  fills  which  are  costly.    On  the  other  hand, 
if  the  detectors  are  close  to  the  recording  instruments,- the  radiations  from  the  bomb,  e.g., 
neutrons  and  gamma  rays,  suffer  considerable  attenuation  due  to  absorption,  so  that  weak  signals 
are  received. 

In  the  Ivy  tests  the  problem  was  solved  by  transmitting  the  radiations  through  a  helium 
channel  since  this  gas  is  a  poor  absorber  for  both  neutrons  and  gamma  rays.    The  channel 
consisted  of  a  plywood  box,  8  ft  by  8  ft  in  cross  section  and  nearly  9,000  ft  long,  filled  with 
a  number  of  thin-walled  polyethylene  balloons  containing  helium  gas  at  slightly  above  atmospheric 
pressure.    Lead  baffles  inserted  in  the  box  served  to  provide  a  number  of  well-collimated  paths, 
which  were  used  for  Tenex  and  other  measurements  related  to  thermonuclear  burning. 

In  order  to  reduce  attenuation  still  further,  an  evacuated  metal  pipe,  6  inches  internal 
diameter  and  about  7,500  feet  in  length,  Is  to  be  used  as  the  radiation  path  in  the  Castle 
tests.    A  pressure  of  0.1  atm  Is  believed  to  be  adequate  for  the  purpose,  although  it  Is  ex- 
pected that  a  much  higher  vacuum  will  be  maintained. 


*  rhe  energy  distribution  can  also  be  determined,  and  the  temperature  estimated,  by  the  Phonex 
measurements  described  In  Section  6.6. 
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It  is  seen  that  there  are  two  alternative  O-O  reactions;  they  take  place  roughly  at  the  same 
rates,  so  that  each  may  be  regarded  as  occurring  in  half  the  D-D  interactions. 

D-D  and  D-T  Cross  Sections 

The  rate  of  a  nuclear  process  is  usually  e^ressed  in  terms  of  the  effective  area  per 

nucleus,  i.e.,  the  cross  section. 
These  cross  sections  can  be  deter- 
mined experimentally  by  accelerating 
deuterons  or  tritons  to  known  energies 
and  determining  the  extent  of  inter- 
action with  other  ( stationary)  nuclei. 
The  results  obtained  for  the  second 
of  the  D-D  reactions  given  above, 
represented  by  DD^,  and  for  the 
D-T  reaction  are  shown  in  Fig.  8.2. 
The  values  for  the  other  D-D  reaction 
are  very  similar.    The  cross  sections, 

C7(£},  are  expressed  in  bams,  i.e., 
-24  2 


cm  ,  as  a  function 


60  80  100 

DEUTERON  ENERGY  (kiv) 
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Fig.  8.2 


in  linits  of  10 
of  the  deuteron  energy  in  kev. 

The  cross  section,  or  reaction 
rate,  is  seen  to  increase  with  the 
energy,  due  to  the  increased  proba- 
bility of  penetration  of  the  potential 
barrier.    It  may  be  mentioned  that 
the  cross-section  curve  lor  the  D-T 
reaction  is  not  only  somewhat  higher 
than  e^qiected,  but  it  also  exhibits  a 
maximum  at  energies  around  lOO  kev 
(see  Fig.  8.2).    This  is  attributed 
to  the  phenomenon  of  resonance. 
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Calculation  of  Reaction  Rates 

Consider  a  quantity  of  deuterium,  and  let  the  cross  section,  a,  represent  the  effective 
area  of  a  nucleus  of  a  given  energy  for  the  D-O  reaction.    If  v  is  the  velocity  of  the  deuterium 

nucleus,  then  it  will  sweep  out  an  effective  volume  ffv  in  unit  time,  e.g.,  per  sec.    If  there 

3  3 
are  N  deuterons  per  cm  ,  then  the  total  effective  volume  swept  out  is  avN  per  cm    per  sec. 

3 

Since  there  are  N  deuterons  present  per  cm  ,  the  number  of  effective  D-D  collisions,  i.e.,  the 

2  3 

rate  of  the  D-D  reaction,  is  equal  to  avN  /2  per  cm  per  sec.  The  factor  of  one  half  is  in- 
troduced here,  for  otherwise  each  D-D  collision  is  counted  twice.    In  the  case  of  the  D-T  re- 

3 

action,  the  corresponding  rate  would  be  avN^N^  per  cm    per  sec,  where       and      are  the 

numbers  of  deuterons  and  tritons,  respectively,  per  unit  volume. 

It  is  seen  from  the  foregoing  argument  that,  apart  from  the  density  of  the  material,  i.e., 

3 

the  number  of  nuclei  per  cm  ,  the  rate  of  a  nuclear 
reaction  is  determined  by  the  product  av.    In  a  sys- 
tem at  a  given  temperature,  T,  not  all  the  nuclei 
will  have  the  same  energy  and,  hence,  velocity."' 
The  energies  will,  in  fact,  be  distributed  over  a 
large  range  from  very  small  to  very  large,  as  in- 
dicated qualitatively,  in  Fig,  8.3;  n(E)/n  is  the 
fraction  of  nuclei  having  energy  E,  per  unit  energy 
interval.    If  the  energy  distribution  follows  the 
Maxwell  law,  then  the  energy  corresponding  to  the 
most  probable  velocity,  per  unit  velocity  interval, 
is  equal  to  kT,  where  k  is  Boltzmann's  constant; 
this  is  generally  referred  to  as  the  energy  corre- 
sponding to  the  temperature  T. 

As  implied  earlier,  it  has  become  the  practice  in  the  thermonuclear  field  to  state  the 

-8 

temperature  as  the  energy  kT,  usually  expressed  in  kev.    Since  k  is  8.62  x  10     kev  per  de- 
gree, it  follows  that 

Q 

Temperature  in  kev  =  8.62  x  10"    T  , 

where  T  is  the  absolute  (Kelvin)  temperature.    Thus,  a  so-called  temperature  of  1  kev  would 

7 

correspond  to  a  Kelvin  temperature  of  1,16  x  10  degrees. 


Fig.  8.3 


•Since  the  energy  E  is  kinetic,  it  is  equal  to  1/2  mv  ,  where  m  is  the  mass  of  the  nucleus; 
hence,  v  is  determined  by  E,  for  a  given  species. 


UNCLASSIFIED 


UiNCLAbSIfi£jlj 


In  order  to  determine  the  rate  of  a  nuclear  reaction  at  a  given  temperature,  it  is  neces- 
sary to  obtain  a  proper  weighted  average  of  crv,  i.e.,  ov,  over  the  whole  energy  range,  since 
both  a  and  v  vary  with  the  nuclear  energy.    This  can  best  be  done  by  taking  the  experimental 
values  of  a  as  a  function  of  E  (or  of  v),  from  Fig.  8.2,  multiplying  by  the  corresponding 
velocity,  v,  and  then  weighting  each  product  according  to  the  Maxwellian  probability  of  that 
velocity.    This  operation  may  be  e:q)ressed  analytically  by 

2 


av  = 


[a(v)v]  v^ 


mv 
2kT 


dv 


(8.5) 


2 

V  e 


mv 
2kT 


dv 


where  the  integrand  in  the  denominator  is  the  Maxwell  factor.    The  values  of  ov  for  one  of 

the  D-D  reactions  and  for  the  D-T  re- 
action, obtained  somewhat  in  this  manner, 
are  plotted  in  Fig.  8.4  as  a  function  of 
the  temperature  in  kev.    It  is  seen  that, 
under  equivalent  density  conditions,  the 
D-T  reaction  is  of  the  order  of  50  to  100 
times  as  fast  as  each  of  the  D-D  reactions 
at  the  same  temperatures,  at  least  in  the 
range  from  1  to  100  kev. 


1000 


The  Reproduction  Time 

To  illustrate  the  use  of  the  data  in 
Fig.  8.4,  the  energy  reproduction  time, 
i.e.,  the  time  required  for  the  energy  to 
double  itself,  in  deuterium  will  be  calcu- 
lated.   In  every  effective  D-D  collision, 
two  deuterons  are  consumed,  but  in 
(roughly)  half  of  these  reactions  a  tritium 
nucleus  is  produced,  which  rapidly  under- 
goes the  D-T  interaction  with  another 
deuterium  nucleus.    Thus,  on  the  average, 
2.5  deuterons  are  used  up  in  every 


T  (kev) 
Fig.  8.4 
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effective  collision.*    From  the  arguments  presented  above,  the  number  of  effective  D-D  col- 

  2  3    2 

lisions  is  avN  /2  per  cm    per  sec,  and  so  deuterons  are  consumed  at  the  rate  of  2.5  avN  J'l 

3  3 
per  cm   per  sec.    Since  N  is  the  numbei"  of  deuterons  present  per  cm  ,  the  fraction,  F^,  of 

the  deuterium  reacting  in  time  t  sec  is  given  by 


av  -y-  t  =  1.25  ffvNt  , 


(8.6) 


where  t  is  assumed  to  be  so  short  that  N  does  not  decrease  appreciably. 

If  the  two  D-D  reactions  take  place  to,  approximately,  the  same  extent  and  every  tritium 
nucleus  formed  rapidly  undergoes  the  D-T  reaction  with  another  deuteron,  the  total  energy 
liberated  will  be  4.04  +  3.27  +  17.6  =  24.9  Mev  or,  roughly,  25  Mev,  for  the  consumption  of 
five  deuterons,  i.e.,  5  Mev  or  5000  kev  per  deuteron.    The  energy  AE  produced  in  time  t, 
per  deuteron  present  in  the  system,  is  equal  to  F^  x  5000  kev,  and  so 

AE  =  6250  ovNt  kev  per  deuteron. 


If  E^^j  is  the  total  energy  per  deuteron  present  in  the  system,  then  the  reproduction  time, 
rep 

is  given  by 


*rep'  required  for  the  energy  to  double  itself,  due  to  the  D-D  and  D-T  reactions. 


t 


tot 


rep     6250  avN 


(8.7) 


Production  of  Lithium -6 

The  enrichment  of  lithium-6,  from  its  normal  isotopic  proportion  of  7.3  per  cent  to  the 
95  per  cent  or  so  desirable  for  thermonuclear  devices,  is  carried  out  by  a  chemical,  isotopic 
exchange  process.    Lithium  amalgam,  consisting  of  a  solution  of  metallic  lithium  in  mercury, 
is  allowed  to  interact  with  an  aqueous  solution  of  lithium  hydroxide  in  water.    As  a  result  of 
the  exchange  between  the  lithium  isotopes  in  the  mercury  and  those  present  as  ions  in  the  water, 
the  ratio  of  lithium-6  to  lithium-7,  at  equilibrium,  is  larger  in  the  amalgam  than  in  the  aqueous 
solution.    The  separation  coefficient  is  not  much  greater  than  unity,  and  appreciable  enrichment 
is  achieved  by  a  continuous  counter-current  prbcess.    The  lithium  amalgam,  flowing  in  one  di- 
rection,  becomes  steadily  richer  in  the  Li    isotope,  whereas  the  proportion  of  lithium-7  in- 
creases in  the  hydroxide  solution.    Because  of  the  separation  difficulties,  highly  enriched 
lithium-6  is  still  rare  and  costly. 


8.6    Thermonuclear  Tests 
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FQBEWORD 


While  this  document  has  been  published  as  a  Headquarters,  U.  S.  Atomic  Energy  Com- 
mission publication,  it  has  as  its  genesis  two  1954  Los  Alamos  Scientific  Laboratory  re> 
ports  identified  as  LA-1632  and  LA-1633,  ttUed  "Weapons  Activities  of  LASL."  These 
publications  are  well  known  and  used  extensively  by  those  interested  in  nuclear  weapons 
as  basic  handbooks  on  the  principles  of  nuclear  weapons  development  and  technology. 
Dr.  Samuel  Glasstone  has  revised  and  consolidated  the  above  reports  Incorporating  in- 
formation furnished  by  the  Los  Alamos  Scientific  Laboratory,  Lawrence  Radiation  Labo- 
ratory—Uvermore,  The  Sandia  Corporation,  and  the  Defense  Atomic  Siq)port  Agency. 

This  document  has  been  prepared  solely  for  reference  purposes  on  the  principles  of 
atomic  weapons  development  and  should  not  be  considered  as  a  technical  guide  for  der 
signing  nuclear  weapons. 

Since  this  issue  contains  highly  sensitive  atomic  weapons  inibrmatiai  of  significance 
to  our  national  defense  and  security,  all  viewers  are  enjoined  to  insure  its  proper  se- 
curity protection  at  all  times. 


a:  W.  Betts 
Major  General,  USA 
Director  of  Military  Application 
U.  S.  Atomic  Energy  Commission 
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Recc  A 


(1.6) 


1.44   The  greater  the  probability  of  the  interaction  of  a  neutron  with  a  nucleus,  the 
smaller  will  be  the  distance  the  neutron  travels  before  interacting.  &nce,  the  neutron  mean 
free  path  is  related  inversely  to  its  interaction  probability.  This  probability  is  proportional  to 
the  number  of  fissile  nuclei  per  unit  volume,  and  hence  to  the  density;  if  p  is  the  density  of  the 
core  material,  then 


Xccl 
P 


(1.7) 


ft  follows  therefore  from  equations  (1.6)  and  (1^7)  that 


Rcoe  — 


(1.8) 


1.45  The  critical  mass,  lyic,  is  equal  to  the  product  Of  the  critical  volume,  which  is  %  trJ, 
and  the  density  of  the  fissile  material;  hence. 

Upon  substituting  equation  (1.8)  for  Rc>  it  is  seen  tint 


(1.9) 


The  density  of  the  material  is  dependent  upon  the  degree  of  compression;  thus,  if  t;  is  the  com- 
preseion  ratio,  i.e.,  the  ratio  of  the  volume  before  to  that  after  compression;  then 

P  «  jj 

and  substitution  in  equation  (1.9)  leads  to  the  result 


(1.10) 


•i  * 


The  critical  mass  of  a  given  fissile  material,  under  specified  conditions.  Is  thus  inversely  pro- 
portional to  the  square  of  the  compression  ratio.  The  prqportionality  constant  is  readily  de- 
rived by  writing  Mco  for  the  critical  mass  of  the  uncompressed  material,  i.e.,  when  q  =1.  It 
follows  then  from  equation  (1.10)  that 


(1.11) 


1 ,46    An  alternative  way  of  stating  this  result  is  in  terms  of  the  number  of  crlts  (or 
critical  masses),  C,  present  in  the  compressed  core.  H  M  is  the  actual  mass  of  fissile  mate- 
rial, the  number  of  crits  in  the  compressed  state  is  defined  by 


C  = 


M_ 

Me 
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Combination  with  equation  (1.11)  then  yields 


yhere  M/Mw)  has  been  replaced  by  Ca.  the  numh^r  jp|  rrits  before  compression. 


,  ■   •  '      "    ^Tfae  introduction  brneuCfohs  into  this  hi^ly 

supercritical  system  resulting  lifbin  compression  will  cause  a  very  rapidly  divergent  fission 
chain  reaction  to  develop.  In  these  circumstances  there  is  very  efficient  use  of  the  fissile  ma- 
terial for  the  release  of  energy.  It  is  the  high  de^ee  of  supercriticality  (and  increased  effi- 
ciency) attainable  by  compression  that  constitutes  the  great  advantage  of  implosion-type  weap- 
ons over  those  of  the  gun  type. 

1.47  Strictly  speaking,  the  relationship  of  the  number  of  crits  to  the  square  of  the  com- 
pression holds  only  for  a  bare  core.  For  a  tamped  core,  a  more  correct  form  of  equation 
(1.12)  is 

C  =  CoJji'^?-'' 

where  is  the  compression  of  the  core  and  rjt  is  that  of  the  tamper.  Since  the  tamper  is  gen- 
erally compressed  less  than  the  core,  a  good  approximation  for  weapons  is  to  write 

The  effect  of  compression  is  still  substantial,  although  not  as  large  as  is  implied  by  equation 
(1-12). 

Fusion  Reactions  in  Fission  Weapons 

1.48  It  was  stated  in  §1.2  that  the  large-scale  release  of  energy  in  weapons  is  possible 
by  making  use  of  fusion  reactions  in  which  two  very  light  nuclei  combine  (or  fuse)  together  to 
foriQ  particles  of  greater  mass.  However,  apart  from  the  application  of  nuclear  fusion  reac- 
tions as  a  source  of  energy,  described  in  Chapter  7,  certain  fusion  processes  are  important  in 
the  design  of  fission  weapons  for  another  reason.  The  significance  of  these  reactions  does  not 
lie  in  the  energy  released  but  in  the  neutrons  which  are  produced.  Three  fusion  reactions,  in- 
volving the  less  common  isotopes  of  hydrogen,  namely,  deuterium  (d')  and  tritium  (t'),  are  of 
interest  in  this  connection.  Two  of  these  reactions  are  between  pairs  of  deuterium  nuclei  (deu- 
terons)  only,  i.e., 


iD*  +  iD*  ^  di*  +  2He' 


and 


+       —  iH^  +  iT' 


which  take  place  at  about  the  same  rate,  and  the  third  is  a  niuch  more  rapid  interaction  be- 
tween a  deuteron  and  a  tritium  nucleus  (triton),  i.e., 

iD*  +  iT' —  on*  +  zHe* 

1 .49  tt  is  seen  that  when  two  deuterons  interact,  a  neutron  is  formed  in  one  case  and  a 
triton  in  the  other;  the  triton  then  readily  reacts  with  a  deuteron  to  produce  another  neutron. 
Both  deuteron-deuteron  (D-D)  and  deuteron-triton  (D-T)  reactions  are  employed  to  provide 
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neutrons  for  initiating  fission  chains.  In  addition,  the  high-energy  (14  Mev)  neutrons  liberated 
in  the  D-T  reaction  are  used  in  many  fission  weapons  to  achieve  what  is  known  as  "boosting." 
Neutrons  from  the  D-T  reaction  are  introduced  at  a  later  stage  of  the  fission  chain  in  order  to 
maintain  and  enhance  the  progress  of  the  fission  reactions.  There  is  a  considerable  increase 
in  the  energy  released  because  of  the  greatly  improved  efficiency  in  utilization  of  the  fissile 
material.  The  energy  contributed  by  the  D-T  fusion  reaction  is  quite  small  in  comparison  with 
that  froin  fission. 

PRODUCTION  OF  WEAPONS  MATERIALS 

Uranium-235 

1.50    The  two  important  fissile  materials,  namely,  uranium-235  and  plutonium-239,  are 
both  produced  from  natural  uranium  but  by  entirely  different  procedures.  Ordinary  uranium 
contains  about  0.7  percent  of  uranium-235,  together  with  about  99.3  percrait  of  uranium-238 
and  a  trace  (0.006  percent)  of  uranlum-234.  The  proportion  of  uranium-235  is  increased  by  a 
process  involving  diffusion  or,  more  correctly,  effusion  through  porous  barriers  of  the  vapor 
of  uranium  hexafluoride  (UF,)  made  from  naltural  uranium.  The  hexafluoride  of  the  lighter  iso- 
tope diffuses  more  rapidly  than  does  that  of  the  heavier  species,  and  by  the  use  of  several 
thousand  diffusion  stages  enrichments  of  over  90  percent  are  obtained,  i.e.,  the  material  pro- 
duced contains  over  90  percent  of  uranium-235.  The  most  common  product  for  weapons  use 
consists  of  about  93.5  weight  percent  uranium-235,  the  remainder  being  mainly  uranium-238 
and  a  small  proportion  of  uranium-234.  TUs  product  is  commonly  known  as  "oraUoy,''^^^^o 
rs  standing  for  Oak  R^dge.  where  ]^  rxntPiHai  was  fi  rat  made  inquanttty.*/^ 

me  higtily  enriched  uranium  hexafluoride  obtained  from  the  gaUMUUs  diSusion  plant 
is  converted  into  the  tetrafluoride  (UFj  by  rediuction  with  hydrogen  (mixed  with  some  fluorine). 
The  tetrafluoride,  which  is  a  solid  with  a  high  melting  point  (close  to  1000°C),  is  mixed  with 
calcium  and  heated  in  a  closed  steel  vessel  lined  internally  with  a  refractory  material.  The 
calcium  reduces  the  uranium  tetrafluoride  to  uranium  metal  which  is  separated  from  the  slag 
of  calcium  fluoride.  Volatile  inapurities  are  removed  by  heating  the  liquid  metal  in  a  vacuum 
and  the  resulting  product  is  of  a  high  degree  of  purity. 

1.52  The  residual  material  from  the  isotope  separation  (gaseous  diffusion)  plant  consists 
of  uranium  hexafluoride  which  has  been  depleted  in  uranium-235.  In  other  words,  it  contains 
more  than  the  normal  99.3  percent  of  uranium-238.  This  is  converted  into  uranium  metal  by  a 
procedure  similar  to  that  described  above.  It  is  referred  to  as  depleted  uranium  or,  in  the 
weapons  program,  as  D-38.  At  one  time  it  was  called  Q-metal,  but  this  name  is  not  now  in 
common  use. 

Plutonium-239 

1. 53  The  element  Plutonium  does  not  occur  in  nature,  except  in  insignificant  traces. 
Consequently,  the  plutdnium-239  used  in  weapons  is  obtained  artificially  by  a  series  of  nuclear 
reactions  resulting  from  exposure  of  uranium-238  to  slow  neutrons  in  a  nuclear  reactor.  A 
nuclear  reactor  is  a  device  in  which  a  fission  chain  reaction  is  taking  place  in  a  controlled 
manner,  as  against  the  deliberately  uncontrolled  chain  reaction  in  a  weapon.  If  a  material  of 
low  mass  number,  called  a  moderator,  is  present,  in  addition  to  fissile  material,  the  fission 
neutrons  are  slowed  down.  Such  a  nuclear  reactor  is  thus  a  good  source  of  slow  neutrons. 


*The  "alloy"  part  of  the  name  originated  from  the  designation  Tuiie  Alloys  Limited  applied  to  the 
British  wartime  atomic  energy  project.  Natural  uranium  metal  was  thus  called  "tuballoy,"  a  term  still  In 
common  use,  and  then  oralloy  was  adopted  for  the  uraniuin-23S  enriched  material. 


efficiencies  were  estimated  by  the  method  of  Bethe  and  Feynman.  The  basic  formula  is  ad- 
mittedly approximate,  since  it  involves  several  simplifying  assumptions.  However,  its  deriva- 
tion is  useful  in  the  respect  that  it  provides  a  model  of  the  e^losion  of  a  fission  weapon  and 
indicates,  qualitatively  at  least,  some  of  the  factors  which  affect  the  efficiency  of  the  explosion. 
The  treatment  given  below  is  applicable  to  pure  fission  systems  and  not  after  boosting  occurs. 

2.29  As  a  resuITdf  the  energy  liberated  in  fission,  very  large  pressures  (~10'  atm)  are 
developed  in  the  core,  and  the  core-tamper  interface  consequently  receives  a  large  outward 
acceleration.  This  causes  highly  compressed  tamper  material  to  pile  up  just  ahead  of  the  ex- 
panding interface,  in  an  effect  referred  to  as  the  "snowplow"  phenomenon,  because  of  the  simi- 
larity to  the  piling  up  of  snow  in  front  of  a  snowplow.  The  inertia  of  the  compressed  tamper 
delays  expansion  of  the  core,  so  that  a  considerable  pressure  gi^adient  builds  xsp  from  the  cen- 
ter of  the  core  to  its  outer  surface. 

2.30  Furthermore,  because  of  th€~idelayed  expansion,  it  may  be  supposed  tb34^be.^olume^ 
of  the  con9)ressed  (supercritical)  core  remains  essentially  constant  during  the/  ^  -j 
so  generations  following  initiation  of  the  fission  cliain,  i.e.,  up  to  e^losion  time^,  Aftier  tliis  in- 
terval, almost  the  whole  of  the  energy  is  released  within  ah  extremely  short  period,  during 
which  time  the  supercritical  core  expands  rapidly  until  it  becomes  subcritical.  Although  there 
is  an  appreciable  release  of  energy  even  while  the  system  is  subcritical,  as  mentioned  in  §2.27, 
it  will  be  postulated  that  energy  production  ceases  when  the  dimensions  are  just  critical.  It 
will  be  assumed,  further,  that  no  energy  escapes  during  the  short  period  of  e:qpansion  from 
maximum  supercriticality  to  the  point  where  the  system  becomes  subcritical. 

2.31  Let  R  be  the  radius  of  a  spherical  core  at  the  point  of  maximum  supercriticality; 
then,  in  accordance  with  the  postulate  made  above,  this  will  remain  unclianged  until  explosion 
time.  Subsequently,  the  energy  density  of  the  system  becomes  so  large  that  meclianical  effects 
begin  and  the  core  starts  to  expand.  Suppose  that  when  the  core  has  e^anded  by  a  fraction  5, 
so  that  the  radius  is  R(l  +  5),  the  system  is  just  critical  (Fig.  2.1);  beyond  tliis  point  it  will  be 
subcritical.  The  self-sustaining  fission  cliain  will  then  end  and,  in  accordance  with  the  approxi- 
mation postulated  above,  there  will  be  no  further  release  of  energy. 


'SNOWPLOW'  REGION 


CORE  BEFORE 
EXPANSION 


CORE  WHEN  FISS 
CHAIN  ENDS 


Figure  2.1  • 

2.32    Consider  a  thin  shell  of  material  in  the  core,  of  volume  dV  and  thickness  dR;  the 
cross  sectional  area  of  the  shell  is  then  dV/dR.  If  dP  is  the  pressure  difference  on  the  two 
sides  of  this  shell,  caused  by  the  liberated  fission  energy,  the  net  outward  force,  dF,  to  which 
the  shell  is  subjected,  i.e.,  pressure  X  area,  is  then 


dV  dp 
dF  =  dP5^  =  5^dV 
dR  dR 


(2.14) 


where  dP/dR  is  the  pressure  gradient  in  the  given  shell.  As  a  reasonable  approximation,  it 
may  be  supposed  that  the  pressure  gradient  is  essentially  constant  across  the  core  radius,  so 
that  ■ 


m 


w 


which  is  a  simplified  version  of  the  Betlie-Feynman  formula.  The  efficiency  of  a  fission  wesyjon 
is  seen  to  depend  on  the  factors  R,  a,  and  6. 

2.36  Since  the  efficiency  of  a  fission  weapon  may  be  ejected  to  increase  as  R^,  it  would 
be  advantageous  for  the  core  to  be  large  at  the  time  of  the  initiation  of  the  fission  chain.  One 
way  in  which  this  can  be  achieved  in  practice,  e.g.,  in  a  gun-type  weapon,  is  to  bring  together 
subcritical  masses  which  are  designed  to  contain  a  large  total  mass  of  fissile  material.  Thus, 
for  a  given  compression  or,  especially,  for  no  compression,  the  efficiency  would  be  e^qpected 
to  be  greater  the  larger  the  mass  of  the  assembled  core.  . 

2.37  In  general,  the  most  important  factor  in  determining  the  efficiency  of  a  fission 
weapon  is  a;  as  seen  in  §2.16,  this  increases  in  proportion  to  the  compression.  The  efficiency, 
according  to  equation  (2.21),  will  thus  be  related,  approximately  at  least,  to  T)'  (or  to  t}'*^  if  the 
effect  of  tamper  compression  is  taken  into  account).  In  addition,  although  of  lesser  significance, 
the  effect  of  compression  on  6  must  be  taken  into  account;  the  more  highly  compressed  the  core 
material  at  the  time  of  initiation  (or  at  e^qplosion  time),  the  farther  will  be  the  distance  the  core 
surface  must  travel  during  the  e^qpansion  phase  before  the  supercritical  system  becomes  sub- 
critical.  Increased  compression  should  thus  result  in  a  marked  gain  in  the  efficiency  of  a  fis- 
sion weapon.  It  is  this  fact  which  is  largely  responsible  for  the  much  higher  effici^cies  of  im- 

fjion.  systems  than  of  gym-typa  devices,  f  I     ^  ^ 
 ^  '                                                    :  .   /hl5) 

*2m         effect  of  increasing  compression  in  a  simple  (unboosted)  implosion  system  is 
indicated  by  the  data  in  T&ble  2.1  which  are  based  partly  on  eiqperimerdal  observations  and 


Table  2,1—  EFFECT  OF  COMPRESSION  ON  EFFICIENCY 


Average  Compreaaion 
Core  Taaqwr 


Efficiency 
(Percent 


yrae  attairiinent  01  mgh  compression  nas  oeen  an  important 
sSSvuvc  m  iisslon  weapon  aesigin  In  the  earliest  (solid-core)  devices  the  improvement  in 
efficiency  was  the  main  purpose.  In  more  recent  (hollow-core  boosted)  weapons,  Iiowever,  the 
principal  objective  is  to  make  possible  the  design  of  compact  systems  in  which  both  the  high 
e^losive  (§1.42)  and  the  fissile  material  tiave  low  masses.  The  number  of  crits  at  maximum 
compression  is  not  large,  so  that  a  is  relatively  small  before  boosting.  The  initial  efficiency 
of  the  fission  cliain  is,  therefore,  also  small  but  the  total  yield  is  greatly  increased  by  the 
boosting. 


INITIATION  TIME  AND  PREINITIATION 


Unboosted  limplosion  Weapons 

2.39  The  time  at  which  the  fission  chain  is  initiated  is  of  Ingortance 
efficiency  of  a  weapon.; 


fissile  core  would  be  highly  Sti^fil^crlticaLI 


u 
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2.48    As  a  result  of  spontaneous  fission,  uranium-235  emits,  on  the  average  about  0.85 
neutron  per  kilogram  per  sec,  whereas  uranium-238  produces  roughly  17  neutrons/kg- sec. 
Consequently,  the  neutron  background  in  ordinar;_oralloy  (93.5  weight  percent  uranium-235)  is 
approximately  2  neutrons/kg-sec^  "         ""         .       '    '  ■  " 


^^^?^!oMTgun-type  weapon,  oaseir  oa 


 ra"Seen,  ,  _  ._ 

tonium  with  i^i"^W^>rought  about  by  a  propellant  ei^losive,  is  completely  out  of  the  question. 
It  was  the  realization  of  this  fact,  when  plutonium  became  available,  that  led  to  the  development 
of  implosion  systems  (§1.39). 
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FGREWORD 


While  this  dbcument  has  been  published  as  a  Headquarters,  U.  S.  Atomic  Energy  Com- 
mission publication,  it  has  as  its  genesis  two  1954  Los  Alamos  Scientific  Laboratory  re- 
ports identified  as  LAMS-1632  and  LAMS-1633,  tlUed  "Weapons  Activities  of  LASL." 
These  publications  are  well  known  and  used  extensively  by  those  interested  in  nuclear 
weapons  as  basic  handbooks  on  the  principles  of  nuclear  weapons  development  and  tech- 
nology. Dr.  Samuel  Glasstone  has  revised  and  ccmsolldated  the  above  reports  incorporat- 
ing information  furnished  by  the  Los  Alamos  Scientific  Laboratory,  Lawrence  Radiation 
Laboratory -Livermore,  The  Sandia  Corporation,  and  the  Defense  Atomic  Support  Agency. 

This  document  has  been  prepared  solely  for  reference  purposes  on  tte  principles  of 
atomic  we^ons  development  and  should  not  be  considered  as  a  technical  guide  for  de- 
signing nuclear  we^ons. 

Since  this  issue  contains  highly  sensitive  atomic  weapons  inforinaticn  of  significance 
to  our  national  defense  and  security^  all  viewers  are  enjoined  to  insure  its  proper  se- 
curity protection  at  all  times. 
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1.54  Uraniuin-238  nuclei  capture  slow  neutrons  quite  readily  to  form  a  higher  isotope, 
uraiiium-239,  with  the  endssibn  of  gamma  radlatipn;  thus,  the  (n,>)  reaction 


„U»«  +  ,n»-„U«»  +  y 

occurs,  where  the  subscripts  give  the  atomic  numbere  and  the  superscripts  the  mass  numbers 
in  each  case;  the  neutron  (on')  has  a  charge  (atomic  number)  of  zero  and  a  mass  of  unity.  The 
uranium-239  produced  by  neutron  capture  is  radioactive,  with  a  half-life  of  23  mln,  emitting  a 
beta  particle.  Representing  the  latter  by  -i^',  since  it  carries  a  unit  negative  charge  and  has 
essentiaUy  no  mass,  the  radioactive  decay  process  may  be  written  as  ■ 

„U«»-V  +  „NP»» 


the  product  being  an  isotope  of  mass  number  239  of  an  element  of  "^^""i/'f  ,  "Hill  fje- 

<'»iilad  neptunium  (Nb).  is  virtually  nonexistent  in  nature.F 


T.aa  nepiunium-zdv  IS  also  radioactiye  with  a  half -life  of  2.3  days;  it  emits  a  beta  par- 
ticle according  to  the  reaction 

so  that  the  product  has  a  mass  number  of  239  and  an  atomic  number  of  94.  The  name  Pluto- 
nium, symbol  Pu,  has  been  given  to  the  element  with  this  atomic  number.  The  isotope 
plutonium-239  is  an  alpha-particle  emitter  with  a  fairly  long  half  life— about  24,000  years  — 
so  that  it  is  relatively  stable.  It  may  be  mentioned  that  the  decay  product  of  plutonium-239  is 
the  fissile  uranlum-235,  which  has  a  half-life  of  about  9  x  lo'  years.  Hence,  as  far  as  fission 
is  concerned,  plutonium-239  could  be  stored  for  thousands  of  years  with  only  minor  deteriora- 
tion. The  little  deterioration  which  does  occur  arises  mainly  from  the  fact  that  the  average 
number  of  neutrons,  u,  produced  by  fission  of  uranium-235  is  somewhat  less  than  that  from 
plutonium-239  (§1.12). 

1.56  For  the  pit)duc11on  of  plutonium-239,  natural  uranium  metal  is  used  as  the  fuel  ma- 
terial in  a  nuclear  reactor  with  graphite  (Hanford)  or  heavy  water  (Savannah  River)  as  the 
moderator.  The  uranium-235  in  the  fuel  sustains  the  fission  chain  reaction  and  produces  neu- 
trons, some  of  which  are  captured  by  the  uranium-238  with  the  consequmit  formation  of 
plutonium-239,  as  described  above.  After  being  in  the  reactor  for  an  appropriate  time,  the 
"spent"  fuel  is  removed,  dissolved  in  nitric  acid,  and  the  plutonium  is  extracted  from  the  solu- 
tion by  the  use  of  certain  organic  solvents.  It  is  then  re-extracted  into  a  water  medium  to 
give  an  aqueous  solution  of  the  nitrate,  from  which  the  plutonium  is  precipitated  either  as  the 
peroxide  or  the  oxalate.  The  solid  (compound  is  separated  and  he^ed  with  a  mixture  of  hydro- 
gen fluoride  gas  and  oxygen  to  obtain  plutonium  tetraflupride  (PuFJ.  llie  latter  is  finally  re- 
duced to  plutonium  metal  with  calcium  (plus  iodine). 

1.57  Metallic  plutonium  exists  in  six  different  allotropic  forms  between  room  tempera- 
ture and  the  melting  point  (640''C).  The  temperature  ranges  over  which  the  various  forms  (or 
phases)  are  stable  are  shown  in  Table  1.3.  It  is  seen  that  alpha-plutonium,  referred  to  in 
SS1.23  and  1.34,  which  has  a  density  of  19.6  g/cm',  is  stable  at  ordinary  temperatures.  The 
high  density  is  advantageous  from  certain  weapon  standpoints,  since  it  permits  attainment  of 
criticality  in  a  smaller  mass  than  is  possible  with  other  forms  of  plutonium  (cf.  Table  1.2).  On 
the  other  hand,  alpha-plutonium  is  brittle  and  difficult  to  fabricate. jFurthermore,  the  presence 
of  certain  inqpurities  retards  the  attainment  of  the  alpha-phase  equilibrium,  so  that  &bricated 
parts  exhibit  dimensional  instability.  However,  if  these  impurities  are  avoided,  the  dimen- 
sional instability  problem  does  not  arise. 

1.58  Although  delta-plutonium  is  normally  stable  in  the  temperature  range  of  319  to 
451°C,  the  addition  of  I  weight  percent  of  gallium  to  plutonium  stabilizes  the  delta  phase  at  or- 
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dlnary  temperatures.  The  plutonium  used  in  most  stockpile  weapons  is  in  the  stabilized  delta 
form.  The  material  is  much  less  brittle  and  easier  to  fabricate  than  alpha-plutonium:  in  fact 
delta-plutonium  is  said  to  resemble  aluminum  in  this  respect  whereas  the  alpha-phase  is  more 
like  cast  iron.  Delta-plutonium  was  used  in  the  earliest  implosion  weapons  because  its  low 
density  permitted  the  use  of  a  larger  mass  of  subcritical  fissile  material  (Table  1.2),  thereby 
making  possible  an  increase  in  the  total  energy  yield.  TixLB  aspect  of  weapons  design  is,  how- 
ever, no  longer  significant. 

Table  1.3— Properties  of  Solid  Phases  of  Plutonium 


Phase  Stability  range  Density  (g/cm') 

Alpha  (o)  Uptol20'C  19.6  (25'C) 

Beta  iff)  120  to  206'C  17.8  (ISCC) 

Gamma  (y)  206  to  319*C  17.2  (210'C) 

Delto  (6)  319  to  461*0  15.9  (320°C) 

Delta  prime  (5')  451  to  476'C  16.0  (465*0 

Epsilon(e)  476  to  640*C  (m.p.)  16.5(510*0 


Plutonlum-240 

1.59    As  the  plutonium-239  accumulates  in  the  reactor  in  which  it  is  produced,  it  also 
captures  neutrons,  the  rate  of  capture  being  proportional  to  the  neutron  density  (or  flux)  in  the 
reactor  and  to  the  concentration  of  plutonlum-239  nuclei.  The  reaction  which  takes  place  is 

,4Pu'"  +  gn*  -  „Pu*"  +  y 

the  product  being  plutonium-240,  an  alpha  emitter  of  about  6600  years  half-life.  The  two  iso- 
topes of  Plutonium  are  not  separated  from  one  another  in  the  chemical  process  used  for  the 
extraction  of  this  element  from  the  reactor  fuel.  Hence,  plutonium-2S9  Is  always  associated 
with  a  certain  proportion  of  plutonium- 240j  the  amount  of  the  latter  increasing,  with  both  the 
exposure  time  and  neutron  density  in  the  reactor,  up  to  a  limiting  value  of  about  35  percent. 

>  1.60    In  a  simple  (unboosted)  implosion  type  weapon,  it  is  desirable  that  the  plutonium- 
240  content  be  as  small  as  possible  for  two  reasons:  (a)  the  high  spontaneous  fission  rate  of 
plutonium-240  causes  a  large  neutron  background  (§1.37)  which  can  result  in  the  initiation  of  a 
fission  chain  before  the  optimum  time,  and  (b)  the  fission  of  plutonium-240  requires  mostly 
neutrons  of  high  energy  and,  in  addition,  ttie  v  value  is  smaller  than  for  plutonium--239  so  that 
it  acts,  to  some  extent,  as  an  inert  cUluent.  *  Consequently,  if  plutonium- 240  is  presest,  the 
mass  of  piiitP'''"-'^-aaQ  yonntyoH  fw^  prmn^^HY  is  larger  than  wouM  be  th^case  fbr  pore 
rial  (8|.23).j       /  ;  '  ;  '  ' '      .     ,  ,  .  ,  ■-  .  _ 


^         ^       .  ■  . "   ^(ftt  saou 

T>e  noted  that  to  obtalfrTproduct  with  a  smau  prupuiuuii  ui  ^iUiunium-:i4(/,1Uie  uranium  fuel 
elements  can  be  permitted  to  remain  in  the  Tesuetox  for  only  a  short  time  before  they  are  re- 
moved and  processed  for  the  extraction  of  pli^nium.  As  a  result,  the  smaller  the  plutonium- 
240  content,  the  higher  the  cost  of  the  material  produced. 

1.61    In  evaluating  the  cost  of  the  Plutonium  in  a  weapon,  it  must  be  recognized  that  the 
higher  the  plutonium-240  content  the  smaller  the  cost  per  unit  mass  of  plutonium-2S9,  but  the 
larger  the  mass  required  for  criticallty.  The  actual  cost  per  exit,  which  is  the  important  cri- 


*Fission  of  plutonium-240  exhibits  an  appreciable  resonance  for  neutrons  of  about  1-ev  energy.  Other- 
wise, the  cross  sections  ai«  low  except  at  high  neutron  energies. 
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CHAPTER  2 


THE  FISSION  PROCESS  IN  WEAPONS 

INCREASE  OF  NEUTRON  POPULATION 

The  Miiltiplication  Rate:  Alpha 

2.1  No  matter  how  it  originates,  an  e3q>losion  is  associated  with  the  very  rapid  liberation 
of  a  large  amount  of  energy  witUn  a  restricted  space.  U  the  energy  is  to  be  produced  by  fis- 
sion, then  an  essential  condition  for  explosion  is  a  very  high  neutron  density,  since  the  rate  of 
fission,  and  hence  the  rate  of  energy  release,  is  proportional  to  the  number  of  neutrons  per 
unit  volume.  It  is  of  Interest,  therefore,  to  examine  the  factors  vhlch  lead  to  a  hl^  neutron 
density,  since  these  will  form  a  basis  for  fission  we^on  design. 

2.2  In  accordance  with  the  definition  of  the  effective  multiplication  factor,  k,  given  in 
SI. 19,  it  foUows  that  for  every  n  neutrons  present  at  the  begiiming  of  a  generation  there  will 
be  nk  neutrons  at  the  beginning  of  the  next  generation,  so  that  the  gain  of  neutrons  is  n(k  -  1) 
per  generation.  Hie  rate  of  gain,  dn/dt,  may  then  be  obtained  upon  dividing  the  actual  gain  by 
the  average  time,  r,  between  successive  fission  generations;  hence, 

dn  _  n(k  - 1)  ^g.l) 
•  dt  T 

Equation  (2.1)  will  be  strictly  correct  only  if  delayed  neutrons  play  ho  part  in  maintaining  the 
fission  chain.  As  already  stated  (il.l3),  tliis  condition  is  applicaJile,  to  a  good  approximation, 
to  nuclear  fission  weapons. 

2.3  The  quantity  k  —  1,  wlitch  is  the  excess  number  of  avaikble  neutrons  per  fissicni, 

may  be  r^resented  by  X,  i.e., 

,  ■x  =  k-l  ";  ■  ■  ,  ^(2.2). 

and  then  equation  (2.1)  becomes 

at  T 

The  time  rate  of  increase  (or  decrease)  in  neutron  population  can  be  expressed  in  the  general 
form 

f  =  an  (2.4) 
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where  a  is  the  specific  rate  constant  for  the  process  which  is  responsible  for  the  change  in  the 
niunber  of  neutrons.  In  nuclear  weapons  work  this  constant  is  called  the  multiplication  rate  or 
merely  "alpha."  Comparison  of  equations  (2.3)  and  (2,4)  shows  that  for  a  fission  chain  reaction 

«=f  (2.5) 

2.4  Hie  foregoing  results  are  applicable  regardless  of  whether  x,  and  hence  a,  is  posi- 
tive, zero,  or  negative.  For  a  subcritical  system,  k  <  1  (S1.20),  i.e.,  k  -  1  is  negative;  in  these 
circumstances  x  is  negative  and  so  also  is  a.  It  follows  from  equation  (2.4)  that  dn/dt  is  then 
negative  and  the  number  of  neutrons  in  the  system  will  decrease  with  time.  Consequently,  in 
agreement  with  previous  conclusions,  the  fission  chain  in  a  subcritical  system  will  eventually , 
die  out  because  of  the  steady  decrease  in  the  neutron  population.  When  the  system  is  just  criti- 
cal, k  =  1,  and  x  and  a  are  both  zero;  the  number  of  neutrons  will  thus  remain  constant. 
Finally,  for  a  supercritical  system,  k  >  1,  and  x  and  a  are  positive;  there  will  then  be  a  steady 
increase  in  the  neutron  population.  Since  dn/dt  is  proportional  to  n,  by  equation  (2.4),  it  is 
evident  that  in  a  supercritical  system,  the  number  of  neutrons  will  grow  at  increasingly  faster 
rates  as  n  increases. 

2.5  Another  aspect  of  the  significance  of  a  becomes  apparent  when  equation  (2.4)  is 
written  in  the  form 

dn  ,  ^ 

—  =  a  dt    ■  ■    ■  ' 

n 

If  a  is  assumed  to  remain  constant,  this  ei^ression  can  be  readily  integrated  between  the  time 
limits  of  zero,  when  the  number  of  neutronis  present  is  pt,  and  t,  when  the  number  is  n.  The 
result  is 

n  =  noe"  (2.6) 

where,  as  usual,  e  is  the  base  of  natural  logarithms.  This  e]q)ression,  like  those  given  above, 
is  applicable  regardless  of  whether  a  is  positive,  zero,  or  negative.  If  a  is  known,  equation 
(2.6)  can  be  used  to  calculate  the  neutron  population  at  any  time  t  relative  to  the  value  at  any 
arbitrary  zero  time.  It  can  also  be  seen  from  equation  (2.6)  that  1/a  is  the  time  period  during 
which  the  number  of  neutrons  changes  by  a  factor  e;  consequently,  1/a  is  often  referred  to  as 
the  e-folding  time,  i.e.,  the  time  in  which  there  is  an  e-fold  change  in  the  neutron  population. 

Determination  of  Alpha 

2.6  The  value  of  a  is  a  highly  important  quantity  in  weapons  design,  as  will  shortly  be 
apparent.  Attempts  are  made  to  estimate  it  theoretically  from  the  neutronic  and  hydrodynamic 
characteristics  of  the  system,  but  there  are  many  uncertainties  involved  and  experimental 
measurements  are  desirable.  In  weapons  tests,  the  determination  of  a^ha  is  one  of  the  most 
important  diagnostic  requirements.  The  methods  used  under  these  circumstances  are  de- 
scribed in  Chapter  8.  The  present  treatment  will  be  restricted  to  procedures  which  can  be 
used  in  the  design  phase  without  an  actual  test  of  the  weiQKin. 

2.7  Since  a  supercritical  (or  even  a  critical)  mass  cannot  be  handled  safely  under  ordi- 
nary conditions,  eiqierimental  measurements  of  a  are  made  with  a  mass  that  is  slightly  sub- 
criticaL  Into  this  assembly  is  injected  a  burst  of  neutrons  and  these  neutrons  initiate  a  large 
number  of  chains.  However,  since  the  system  is  subcritical,  a  will  be  negative  and  so  the 
number  of  neutrons  will  decrease  after  the  initial  increase.  ^  determining  a  quantity  propor- 
tional to  the  neutron  population  as  a  function  erf  time,  with  neutron  counters  located  outside  the 
assembly,  it  is  possible  to  determine  a  by  means  of  equation  (2.6).  The  a  obtained  from  the 
decrease  in  neutron  population  in  the  early  stages  is  the  so-called  prompt  value,  required  for 
weapons  studies  in  which  the  delayed  neutrons  play  no  part. 
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2.13  The  fission  mean  free  path  is  equal  to  1/Na{,  where  N  is  the  number  of  fissile  nu- 
clei per  cm' and     is  the  fission  cross  section.  *  Hence,  f  Mm  equation  <2^^^^ 

-'^^  ■  ■  ;  (2.9)- 

so  tiiat  the  generation  time  is  inversely  proportional  to  the  produce  afV.  The  value  of  (jf  de- 
creases as  V  increases  but  the  product  is  2  x  10*  (in  10~^  cmVsec  imits)  for  fast  neutrons  of 
1-Mey  eneror  conqpared  tritiilO'  for  slow  neutrons.  Hence,  the, fission  generation  time  is  ap- 
preciably shorter  for  fast  than  for  slow  neutrons.  Actually,  the  situation  is  worse  for  slow 
neutrons  than  would  appear  froin  a  comparison  of  the  v^ues  of  OfV  because  the  effective  gen- 
eration time  for  these  neutrons  includes  the  slowlhg-down  time  and  this  is  considerably  longer 
than  o>v  alone  would  indicite. 

2.14  F>om  the  iiU 

magnitude  estimate  of  a.  As  sfeen  from  Table  1.1,  v  is  about  2.5  to  3;  the  loss,  1,  of  neutroiis 
per  fission  may  be  taken  as  0.5  to  1,  and  so,  by  equation  (2.2),  x  is  close  to  imlty  for  a  highly 
supercritical  system.  For  uncompressed  uranium-235  or  plutonium-239,  the  number,  N,  of 
nuclei  per  cm'  is  roughly  0.5  x  lO''  and,  its  seen  above,  OfV  for  fast-neutron  fission  is 
2  X  lOVx  10'^*  cmVsec.  S  follows,  therefore,  from  equation  (2.7)  ajid  (2,9)  ^ 

a  «  (0.5xl0'»)(2  x  l0-^«)  «  loVsec-* 

Thus,  for  fast-neutron  fission,  a  is  about  10'  sec'*  in  a  Siq>ercritical  system  and  r,  the  gener- 
^ation  time,  |s  rouglily  lO''  sec  (or  1  shake).  It  is  tlie  common  practice  to  express  values  of  a 
in  reciprocal  shakes,  i.e.,  lO'  sec~'  units,  so  tliat  in  the  rough  calculation  made  above  a  is 
approximately  1  sliake~*.  E:q)erimental  measurements,  both  in  the  laboratory  and  at  weapons 
tests,  show  that  a  is  indeed  of  this  order  of  magnitude,  t 

2. 15  It  is  evident  that  in  order  to  achieve  an  efficient  nuclear  explosion,  fission  should  be 
brought  about  by  fast  neutrons,  as  far  as  possible.  For  such  neutrons,  the  factors  v  and  r,  and 
to  some  extent  1,  favor  a  liigh  value  of  a  and,  lience,  a  rapid  increase  in  the  neutron  population. 
Except  in  certain  special  cases,  appreciable  amounts  of  elements  of  low mass  number,  which 
slow  down  neutrons,  are  consequently  kept  out  of  the  core  of  a  fission  we^on. 

2.16  According  to  equation  (2.9),  the  fission  generation  time  for  neutrons  of  a  given  en- 
ergy (or  velocity)  is  inversely  proportional  to  the  number,  N,  of  fissile  nuclet  per  cm',  tt 
follows,  therefore,  that  r  is  inverse^  proportional  to  i),  the  core  compression  ratio;  thus 


■   .     Toci  .   :^  ■  .  (2.10) 

IJ.  .  ;■ .  . 

Consequently,  the  generation  time  can  be  decreased,  and  the  value'of;i)t  increased,'1iy  conqpres- 
sion  of  the  core  material.  ■ 

2.17  In  addition  to  the  effect  on  r,  compression  also  causes  m  marked  decrease  in  1,  for 
the  reason  given  in  91.40.  This  also  contributes  to  an  increase  in     as  follows  from  equation 
(2.7).  It  is  seen,  therefore,  tliat  compression  of  the  core  will  cause  an  increase  in  a  because 
of  the  decrease  in  both  r  and  1.  .  ; 

E3q>losi(m  Time 

2.18  According  to  the  arguments  in  12.14,  x  is  aivroximately  equal  to  unity' and fo,  by 
equation  (2.5),  1/a  is  roughly  equal  to  r,  the  generation  time.  It  is  thus  possible  to  wrfto  eqMa- 
tion  (2.6)  in  the  approximate  form 


*For  the  present  purpose  it  is  sufficient  to  regard  the  cross  section  as  the  effeotlTe  area  la  tq  «m  <Kf 
a  nucleus  for  a  particular  reaction  (or  reactions).  Cross  sections  vary  with  the  neutron  «Mrgy  and  the 
flBsloD  cross  sections  for  uraniuin-23S  and  plutonium-239  have  been  measuzed  mrer  a  tarfl  aiMirgy  rtOlt, 
,  tScmc  workers  prefer  to  e:q>ress  a  in  reciprocal  microseconds. 


efficiencies  were  estimated  by  the  method  of  Bethe  and  Feynixian.  The  basic  formula  Is  ad- 
mittedly approximate,  since  it  involves  several  simplifying  assumptions.  However,  its  deriva- 
tion is.  useful  in  the  respect  that  it  provides  a  model  of  the  explosion  of  a  fission  weapon  and 
indicates,  qualitatively  at  least,  some  of  the  factors  which  affect  the  efficiency  of  the  e^losion. 
The  treatment  given  below  is  applicable  to  pure  fission  systems  and  not  after  boosting  occurs^ 
2 . 2  9  I  As  a  result  of  the  energy  liberated  in  fission,  very  large  pressures  (~10'  atm)  ar^  j 
jdevelqped  in  th^coj;^,  and  the  core-tamper  interface ^nsequently  receives  a  large  outward 
i|acceleration.jThis  causes  higlily  compressed  tamper  material  to  pile  up  just  ahead  of  the  ex- 
panding interface,  in  an  effect  referred  to  as  the  "snowplow"  phenomenon,  because  of  the  simi- 
larity to  the  piling  up  of  snow  in  front  of  a  snowplow.  The  inertia  of  the  Comptessed  tanker 
delays  e3g)ansion  of  the  core,  so  that  a  considerable  pressure  gradient  builds  iq>  from  the  cen- 
ter of  the  core  to  its  outer  surface. 

2.30  Furthermore,  because  of  the  delayed  expansion,  it  may  be  siq>posed  thatthe  volume 

of  the  compressed,  (supercritical)  core  remains  essentially  constant  during  the  firsn^^   

so  generations  following  initiation  of  the  fission  chain,  i.e.,  up  to  explosion  time.  Aitef  thisln- 
terval,  almost  the  whole  of  the  energy  is  released  within  an  extremely  short  period,  during 
which  time  the  supercritical  core  expands  rapidly  imtil  it  becomes  subcritical.  Although  there 
is  an  appreciable  release  of  energy  even  while  the  system  is  subcritical,  as  mentioned  in  §2.27, 
it  will  be  postulated  that  energy  production  ceases  when  the  dimensions  are  just  critical.  It 
will  be  assumed,  further,  that  no  energy  escapes  during  the  short  period  of  expansion  from 
maximum  supercrlticality  to  the  point  where  the  system  becomes  subcritical. 

2.31  Let  R  be  the  radius  of  a  spherical  core  at  the  point  of  maximum  supercrlticality; 
then,  in  accordance  with  the  postulate  made  above,  this  will  remain  unchanged  until  explosion 
time.  Subsequently,  the  energy  density  of  the  system  becomes  so  large  that  mechanical  effects 
begin  and  the  core  starts  to  e^and.  Suppose  that  when  the  core  lias  e}q)anded  by  a  fraction  6, 
so  that  the  radius  is  R(l  +  5),  the  system  is  just  critical  (Fig.  2.1);  beyond  this  point  it  will  be 
subcritical.  The  self-sustaining  fission  chain  will  then  end  and,  in  accordance  with  the  approxi- 
mation postulated  above,  there  wlU  be  no  further  release  of  energy. 


'SNOWPLOW'  RE6ION 


CORE  BEFORE 
EXPANSION 


CORE  WHEN  FISSION 
CHAIN  ENDS 


Figure  2.1 


2.32    Consider  a  thin  shell  of  material  in  the  core,  of  volume  dV  and  thickness  dR;  tlie 
cross  sectional  area  of  the  shell  is  then  dV/dR.  If  dP  is  the  pressure  differoice  on  the  two 
sides  of  this  sheU,  caused  by  the  liberated  fission  energy,  the  net  outward  force,  dF,  tb  which 
the  shell  is  subjected,  i.e.,  pressure  X  area,  is  then 

where  dP/dR  is  the  pressure  gradient  in  the  given  sheU.  As  a  reasonable  approximation,  it 
may  be  supposed  that  the  pressure  gradient  is  essentially  constant  across  the  core  radius,  'so 
that 
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dP  P 

where  P  is  the  total  difference  in  pressure  from  the  center  of  the  core  to  the  outer  surface  be- 
fore e3q)anslon  occurs.  Hence,  from  equations  (2.14)  and  (2.15), 

dF  w^dV  (2.16) 

2.33  The  time  required  for  the  core  to  expastd  from  radius  R  to  R(i  +  6),  i.e.,  a  distance 
of  R6,  is  about  7  generations,  as  seen  in  §2.21.  However,  as  a  rough  approximation,  this  may 
be  taken  as  1/a,  where  a  is  the  multiplication  rate  just  prior  to  e^qplosion  time.  The  mean  out- 
ward acceleration  of  the  core  material,  and  of  the  shell  dV,  may  consequently  be  expressed  as 
Rfia'.  The  mass  of  the  shell  is  pdV,  where  p  is  the  core  density;  hence,  by  Newton's  second 
law  of  motion,  i.e.,  force  =  mass  x  acceleration,  the  force  dF  acting  on  the  shell  is  given  by 

dFwpdVxRfia* 

Ujpon  conqparing  this  result  with  equation  (2.16),  it  is  seen  that 

P«pR*d*6  (2.17) 

2.34  At  the  existing  temperature  the  core  will  be  gaseous  and  if ,  as  postulated,  the  loss 
of  energy  from  the  system  during  the  initial  e3q)an8ion  is  negligible,  it  may  be  considered  as  a 
gas  imdergoing  an  adiabatic  process.  The  total  energy  of  such  a  gas,  which may  be  taken  to  be 
equal  to  the  energy  of  the  core,  is  then 

PV 

E=-4-l-  (2.18) 

y-1  .  .     .  ;. 

where  r  is  the  ratio  of  the  specific  heats  of  the  gas.  Using  equation  (2.17)  for  P  and  writing 
M/p  for  the  volume  of  the  core,  M  being  the  mass,  equation  (2.18)  becomes 

_  mrVc 

E  »  r—  (2.19) 

2.35  If  c  is  the  energy  released  in  the  complete  fission  of  unit  mass  of  core  material, 
then  the  total  energy  available  in  the  core  is  Mc,  and  the  efficiency,  according  to  equation 
(2.13),  is  E/M€,  where  E  is  given  by  equation  (2.19);  consequently, 

^     E  R*a^6 

*  =  Mi"F^  (2.20) 


tt  should  be  pointed  out  that  in  the  foregoing  derivation  no  iUlowance  has  been  made  for  deple- 
tion of  the  core  material  as  fission  proceeds.  For  low  efficiencies,  to  which  most  of  the  other 
approximations  made  are  applicable,  the  depletion  is  not  significant  and  can  be  neglected. 
Moreover,  no  allowance  has  been  made  for  the  inertial  effect  of  the  tamper  on  the  efficiency. 
For  the  present  purpose,  which  is  to  obtain  a  qualitative  guide  to  some  of  the  factors  deter- 
mining the  efficiency,  this  can  also  be  ignored.  Hence,  replacing  the  quantity  l/(r  — 1)€  by  a 
constant,  K,  equation  (2.20)  can  be  written  as 


0«KR*o*6  (2.21) 
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2.40    Ilieavol^uiice'of  preinitiatlim  was  therefore  an  important  aspect  of  the  design  of 
simple  fissitm  weapons.  The  neutron  sources  which  served  as  initiators  were  constructed  so 
as  to  produce  a  burst  of  neutrons  as  close  as  possible  to  the  optimum  time,  and  the  neutron 
background  from  the  fissile  material  was  maintained  within  reasonable  bounds.  In  all- 
plutonium  cores,  relatively  clean  (20  ngs)  material  was  used  and  dirtier  plutonium  was  em- 
ployed only  ih  composite  cores  which  contained  oralloy  in  addition,  with  the  latter  in  excess. 
Such  a  utilization  of  fissile  material  waB  desirable  in  any  event,  for  reasons  given  in  §3.21 
.et  seq.'  ■ 

2.41 — The  behavior  of  tihft  ""'H  "!if  <*»  «n  nnhnnntpfl  iTnp.tnsjffp  ^BanrtnjsaftjjnPwh^agN  >, 

foUo^T  ^^--^■^^==  ^   ■     .  ""  Jv^fe  *  <-^^ 

   |At  nigt  ertttcal,  g  IS 

zero  and  it  increases  steaSIly  as  compressltm  o^  the  core  proceeds.  Just  b^Eore  maximum 
compressi<»i,  when  a  Is  approaching  its  maziinum  value,  neutrons  are  injected  i^  ttjf->>i<>hte 


fivfit>.|g,  7h»  f»v>.rcrPTit  flMUinehgjnlg_ytt^ted  and  energy  is  rehwogd. 


.8  comMtiea  is  referred  to  as  "secona  critical"  pMg.  s.is)l 
'^'Sutu  ihe'nettk^rdA  density  and  fEe  rate  of  the  fis^en  readloa  are  now  at  a  maximum.  Beyond 
second  critical,  a  becomes  negative  and  the  neutron  density  decreases,  in  accordance  with 
equatkm  (2.6).  Altliough  a  self-sustaining  chain  is  no  longer  possible,  considerable  amounts  of 
energy  are  produced  b7  the  convergent  fission  chains  in  the  stUxsritlQal  system. 


EXPLOSION 
TIME 


\  .^NO 
<^ INITIATION 


\  ^SECOND  CRITICAL 


Boosted  Iniplosion  Systems 

2.42    In  modem  boosted,  inqplositm-type  fission  weapons,  the  situation  is  <|aite  di^rent 
from  that  described  above.  The  pflrea  are  hoUow.  subcritical  she 
.deuterium-trltlimi  boos 


liit  UNGLASSIF lED 


Gun-TVpe  Weapons 

2.45     Tn  a  ^in-Hrp*.  wogpnn^  tho  larlr  nf  cninnrPSBi9]p  ^nlff)9  jy^eairahlp  fnr  in|tiaHfYn, <-n 

take  place  at  or  close  to  the  time  when  assemblij 


'COhsequently,  although  plutohlum- 239  with  an  apprecuuDle  proportion  of  plutdhiuin-240 
could  be  used  in  implosion  systems^  even  of  the  solid-core,  unboosted  type,  it  is  unsuitable  for 
gun-assembly  devices,  as  the  calculations  given  below  wiU  show. 

2.46   Apart  from  the  possible  presence  of  a  "flood"  of  neutrons,  e.g.,  as  the  result  of  the 
explosion  of  another  nuclear  weapon  in  the  vicinity  of  a  given  weapon,  the  chief  sources  of 
background  neutrons,  which  could  cause  preinitiation  in  a  gun-assembly  weapon,  are  spontane- 
ous fission  and  (a,n)  reactions  with  light  elements,  hi  uranium-235  (oralloy)  the  rate  of  sp<Hi- 
taneous  fission  is  relatively  small  but  (a.n)  reactions  with  light-elementj 
duce  an  appreciable  neutron  hajnlfgrmmri- 


\ 


1 


2.47    LerPi  be  the  probability  that  a  background  neutron  will  be  available  in  the  fissile 
material  during  the  period  tliat  it  is  supercritical,  i.e.,  in  the  preinitiation  period,  and  let  P] 
be  the  probability  that  this  neutron  will  be  able  to  start  a  fission  cliain.  The  preinitiation  prob- 
abiUty,  P,  is  then  given  by 


P  =  1  -  eVi 


(2.22) 


the  approximate  form  being  applicable  when  P1P2  is  small,  as  it  is  in  cases  of  interest.  Actu- 
ally Pj  is  a  function  of  time  and  both  Pi  and  P2  depend,  to  some  extent,  on  the  position  of  the 
neutron  and  on  other  factors.  For  the  present  purpose,  however,  which  is  to  draw  general  con- 
clusions only,  specific  values  will  be  assigned  to     and  P2.  A  background  neutron  entering  a 
fissile  assembly  may  escape  altogether  without  being  absorbed.  Or  it  may  be  captured  in  a 
nonfission  reaction,  or  it  may  initiate  a  fission  chain.  Although  the  probabilities  of  these  three 
processes  are  by  no  means  equal,  it  is  sufficient  to  postulate  here  that  Pj  has  a  constant  aver- 
age value  of  0.3  over  the  preinitiation  period.  Hence,  for  the  purpose  of  making  rough  esti- 
mates, equation  (2.22)  may  be  written  as 


P  w  0.3  P| 


(2.23) 
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FOREWORD 

While  this  revision  of  WASH-1038  and  the  original  issuance  have  been 
published  as  Headquarters,  U.  S.  Atomic  Energy  Commission  documents, 
diey  have  as  their  genesis  two  1954  Los  Alamos  Scientific  Laboratory 
reports,  LA  1632  and  LA  1633,  both  entitled  "Weapons  Activities  of 
LASL."  We  are  indebted  to  LASL  for  these  early  reports.  Althoi^h  the 
previous  LA  and  WASH  reports  received  extensive  use  as  basic  handbooks  on 
die  principles  of  nuclear  weapons  development  and  technology,  they  were 
not  to  be  considered  as  technical  guides  for  designing  weapons.  Similarly, 
this  revision  of  WASH-1038  is  not  to  serve  as  such  a  guide. 

In  the  preparation  of  this  document.  Dr.  Samuel  Glasstone  has  reviewed, 
coordinated,  and  edited  data  provided  by  members  of  the  Los  Alamos 
Scientific  Laboratory,  the  Lawrence  Livermore  Laboratory,  the  Sandia 
Laboratories,  and  the  Defense  Nuclear  Agency.  The  exceptional  cooperation 
of  these  organizations  and  the  outstanding  work  of  Dr.  Glasstone  have 
permitted  the  Atomic  Enetgy  Commission  to  publish  this  revi$ion  to 
WASH-1038.'  Further,  we  wish  to  recognize  the  very  significant  contribu- 
tions of  Dr.  Leslie  M.  Redman  iif  the  .p&paiatiaiQ  o||Xl^  isi^iance. 

This  publication  contains  high^  sensitive  :nu<^£eaf' weapon  design  infor- 
mation of  significance  to  our  na^i^  d^fepse  and  secxtriw.  Viewers  are 
enjoined  to  ensure  its  proper  secuii^  pnte|ti^  a^ftll  lini<||. 

'<■'   .  (^^^ 

Edward  B.  Gfllc^ 
A^jor  Gjpnc^,  USAF 
Assistant  GeneralManager 
for  Military  Application 
U.  S.  Atomic  Enetgy  Commission 
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AN  INTRODUCTIMi  TO  NUCLEAR  WEAPONS  < 

for  fast-neutron  fission  are  given  in       '\  "jjThe  name  gun-type  originates  from  the 


1.2.  Values  are  quoted  for  bare,  i.e.,  unta: 
,  spheres,  as  well  as  for  sphnes  with  tampers  o 


fact  that  m  devices  of  this  kind  the  two  picMS  of  fissil 
aiaterial.r 

are  located  near  opp<»ite  enos  or  a  gun  bairei.'*  '  * 


Table  1.2  CRITICAL  MASSES  OF  SPHERES 


Ctidcali 


I  (kg) 


Fifsile  Material 


<wt%) 


Density 


Bare 


t 


Uraiiiiiin-23S  (93.2  wt  %)  18.8  52, 

Pliitonhini-2)9  (a)  4.8  19.7  10. 

Plutoiiiuin-239  <S)*  4.8  15.8  I6ji 

J'tuK)nium-239  (6)*   21    15.8  12, 


:.5 

J.  1 


a   Jberyllium, 

^9espectiv(%.  The  et^ea  ol  tSI  aeotronic  tamper  in 
reducing  the  critical  mass  is  very  striking.  It  will  be 
noted,  too,  in  accordance  with  remarks  made  earlier, 
that  the  critical  mass  of  delta-plutonium  is  larger  than 
that  of  the  alpha  form,  whereas  both  are  smaller  than 
the  critical  mass  of  uraniuin-2  3  5. 

FISSION  WEAPONS 

Gun  Method  of  Assembly 

1.35  As  long  as  a  mass  of  fissile  material  is  less 
than  the  critical  value  for  the  existing  conditions,  that 
is  to  say,  provided  the  system  is  subcritical,  there  is  no 
danger  of  a  divergent,  or  even  a  sutionary,  diain 
reaction.  But,  if  energy  is  to  be  released  in  a  nuclear 
explosion,  the  system  must  be  made  critical  and,  in 
fact,  highly  supercritical,  as  will  be  seen  shonly.  There 
are  two  general  ways  utilized  in  weapons  whereby  a 
subcritical  system  of  fissile  material  is  rapidly  con- 
verted into  one  that  is  supercritical. 

1.36  The  first  is  generally  referred  to  as  the  gun 
method  of  assembly.  Two  portions  of  material  of 
subcritical  size  are  brought  together  very  rapidly,  for 
reasons  given  below,  so  that  the  combined  mass  is 
supercritical.  If  a  burst  of  neutrons  is  then  introduced, 
a  divergent  fission  chain  is  initiated  and  a  rapid  release 
of  ea^gy  occurs  in  a  very  shoR  wk.  This  is  the 
prindide  used  in  the  so-called  ^'wBtype"  weap 


1.37  Although  the  gun  assembly  method  for  at- 
taining cridcality  is  satisfactory  when  uranium-235  is 
the  fissile  material,  it  has  a  serious  drawback  when 
plutonium-239  is  used.  This  arises  from  the  presence  of 
the  higher  isotope,  plutonium-240.  Because  of  the  way 
it  is  produced  (§1.53),  plutoriium-239  is  invariably 
associated  with  a  cenain  proponion — generally  from 
about  2  to  7  percent — of  the  higher  isotope,  pluto- 
nium-240. The  latter  happens  to  have  a  high  proba- 
bility for  undergoing  spontaneous  fission,  i.e.,  without 
the  intervention  of  neutrons.  The  spontaneous  fission 
rate  of  plutonium-240  is,  in  fact,  about  440  fissions  per 
second  per  gram.  Since  more  two  neutrons  are 
libmted  per  fission,  on  the  airaafe,  tlus  means  that 
1  pam  olBlutoniuin-240  enats  over  1000  neutrons  per 


J 


1.38  An  efftaenF' lue'M  the  fissik  material  in  a 
single  gun-type  weapon  requires  that  the  chain  ruc- 
tion be  initiated  by  neutrons  onfy  vAk^ 
s  attained  its  maximum  mticalityj 


t 


consKicnoic  neutron  backgcouad,  arising  trom  the 
presence  of  plutoniuin-240,  may  result  in  initiation  of 
a  self-sustaining  chain  reaction  as  soon  as  the  assembly 
becomes  just  oriticaL  If  this  occurs,  there  will  be  little 
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or  no  explosion,  since  the  neutron  density  will  not 
increase  rapidly  and  energy,  resulting  from  fission,  wiU 
not  be  produced  fast  enough;  the  reasons  for  such 
behavior  will  be  apparent  later.  On  the  other  hand, 
uraniunt-23S  has  a  small  neutron  background  and 
therefore  can  be  used  in  a  gun-type  weapon.  If 
assembled  rapidly  enough,  there  is  Unle  probability  of 
premature  initiation,  or  "preinitiation,"  as  it  is  called, 
immediately  upon  the  system  becoming  critical.  When 
maximum  supercriticality  is  attained,  neutrons  are 
introduced  deliberately  from  a  suitable  source  to 
initiate  the  fission  chain  reaction.  In  this  way,  the 
optimum  efficie:ncy  can  be  realized  in  the  use  of  the 
fissile  material. 

Comprassion  Method  (Imploiion  Weapon) 

1.39  Because  of  the  probability  of  preinitiation, 
and  low  efficiency,  of  a  gun-assembly  weapon  using 
plutonium-239,  an  alternative  method  for  attaining 
crlticality  (or  supercriticality)  was  developed,  based  on 
the  compression  of  the  subcriticai  fissile  mass.  This 
procedure  turned  out  to  be  so  successful  and  gave  so 
much  better  efficiency  that  the  gun  type  of  assembly 
has  been  utilized  only  in  a  relatively  few  weapons  for 
special  purposes,  e.g.,  in  artillery-fired  shells  and  in 
rugged,  impact-resistant  bombs  designed  to  penetrate 
some  distantx  into  the  ground  before  exploding.  Apart 
from  these  particular  cases,  the  compression  method  is 
invariably  used  to  attain  supercriticality  in  fission 
weapons. 

1.40  The  principle  of  the  method  is  that  if  a  mass 
of  fissile  material  is  compressed,  the  rate  of  production 
of  neutrons  by  fission  in  the  subcriticai  state  is 
essentially  unchanged,  since  it  depends  mainly  on  the 
number  of  nuclei  present.  Actually,  there  will  be  some 
increase  in  the  neutron  production  in  convergent 
chains.  On  the  other  hand,  the  number  of  neutrons  lost 
by  escape  is  decreased  as  a  result  of  compression 
because  of  the  smaller  surface  area  of  the  given  mass. 
Consequently,  a  quantity  of  material  which  is  sub- 
critical  in  the  normal  state  can  become  supercritical 
when  compressed.  The  introduction  of  neutrons  to 
initiate  the  fission  chain  at  (or  close  to)  the  time  of 
maximum  compression — ^and,  hence,  of  maximum 
supercriticality — results  in  an  efficient  use  of  the 
fissile  material  in  causing  an  cxplost«i. 

1^41  In  practice,  tbf  /•«ti,«.»«i«B  '"fy 


1.42  The  compression  m  these  weapons  is  achieved 
by  the  use  of  a  powerful  conventional  (chemical)  high 
explosive  which  surrounds  the  core  of  fissile  material. 
By  the  use  of  explosive  charges  of  special  design  much 
of  the  energy  of  the  explosion  is  directed  inward, 
thereby  causing  the  material  in  the  interior  to  be 
compressed  in  a  spherically  symmetric  manner.  It  is  for 
this  reason  that  the  term  "implosion"  is  applied  to 
weapons  of  this  type. 

1.43  An  approximate  derivation  of  the  relation- 
ship between  the  degree  of  conq>ression  and  the  critical 
mass  of  fissile  material  is  the  foUowing.t  The  total 
mean  free  path  of  a  neutron  is  the  average  distance  it 
travels  before  it  interacts  in  any  way  with  a  nucleus. 
The  proportion  of  neutrons  which  da  not  interact  but 
escape  from  the  system  may  be  expected  to  be 
determined  by  the  ratio  of  the  dimensions,  e.g.,  the 
radius  of  a  sphere,  to  the  mean  free  path.  It  may  be 
concluded,  therefore,  that  for  a  given  fissile  (core) 
material,  under  specified  conditions,  the  critical  radius 
should  be  approximately  proportional  to  the  neutron 
mean  free  jnth;  thus,  if  is  the  critical  radius  and  X  is 
the  mean  free  path  in  thematerial, 

Rc«X.  (1.6) 

1.44  The  greater  the  probability  of  the  interaction 
of  a  neutron  with  a  nucleus,  the  smaller  will  be  the 
distance  the  neutron  travels  before  interacting.  Hence, 
the  neutron  mean  free  path  is  related  inversely  to  its 
interaction  probability.  This  probability  is  proportional 
to  the  number  of  fissile  nuclei  per  unit  volume,  and 
hence  to  the  density;  if  p  is  the  density  of  the  core 
material,  dien 


X«-. 


(1.7) 


tTliepuipose  of  the  (Uscusdon  in  §1,43  through  §1.47  b 
to  piovide  a  gcaeral  faMii  for  undeictanding  the  effect  of 
oomptession  on  ciidaMif^.  It-is  net  intended  to  imply  that  the 
metliods  are  cuncndjp  nwd.  At  pretent,  computer  calculations, 
which  can  take  maoy  wtiablM  into  consideration,  are  em- 
ployed to  derive  criticality  eondidons.  The  term  "crit"  in 
§  1 .46  is  now  more  or  Icm  obsolete  in  weapons  calculations. 


CLASSIFIED 


PRINCIPLES  OF  NUCLEAR  ENERGY  RELEASE 


the  plutonium  were  to  be  used  in  the 
'"alpha  phaie,  however,  the  presence  of  a  relatively  large 
proportion  of  piutonium-241 ,  which  would  decay  to 
americium-241,  could  lead  to  a  phase  change  to  the 
delta  form.  The  accompanying  decrease  in  density 
would  then  result  in  dimensional  instabilities.  To  test 
this  point,  a  sample  of  alpha-plutonium  containing 
12!3  percent  of  plutonium-241  has  been  under  observa* 
tion  since  February  1964.  A  decrease  in  density  from 
19  to  about  17.8  g/cm^  occurred  between  56  and 
64  months,  when  the  ameridum  content  was  roughly 
2.7  weight  percent,  but  x-ray  examination  showed  that 
the  material  still  consisted  entirely  of  the  alpha  phase. 
The  significance  of  the  results  is  uncertain  and  the 
observations  are  being  continued. 

Composition  Of  Weapom  Plutonium 

1.G9  In  addition  to  plutoniuni-239  and  -240, 
which  are  the  main  components,  weapons-grade  pluto- 
nium contains  small  quantities  of  isotopes  of  both 
higher  and  lower  mass  numbers.  These  are  produced  in 
a  reactor  by  various  neutron  reactions  either  (n,2n)  or 
(n,7).  The  average  isotopic  compositions  of  plutonium 
from  Hanford  and  Savannah  River  plants  reported  in 
June  1968  are  quoted  in  Table  1.5;  these  may  be 
regarded  as  typical  of  current  production. 

Table  1.5   COMPOSITION  OF  WEAPONS-GRADE 
PLUTONIUM  IN  WEIGHT  PERCENT 


Hanford 

Savannah  River 

Plutoniuni-238 

<0.05 

<ao5 

Plutoniuin-239 

93,17 

92.99 

Plutoniuin-240 

6.28 

6.13 

Plutoniuin-241 

0.54 

0.86 

Plutonium-242 

<0.05 

<0.0$ 

Possible  Weapons  Matoriais 

1.70  Several  fissile  nuclides,  with  atomic  number 
exceeding  94,  are  known,  but  they  are  of  no  practical 
value  for  weapons  purposes  because  of  their  short  half^ 
lives.  A  region  of  stability  has  been  predicted,  theo- 
retically, however,  for  very  heavy  species  in  the  vicinity 
of  those  havii^  "magic  numbers"  of  both  protons  and 
neutrons,  e.g.,  114  protons  and  184  neutrons,  i.e., 
iilX,  and  1,26  protons  and  184  neutrons,  i.e.,  fsSx. 
Such  nudides  might  iuve  half-lives  up  to  lO'  to  lO'-' 
years,  and  would  be  expected  to  ^L^^^^^^jj^ 
siKttiniBg  a  fission  d»m  jK^LflfiM»(MMw 


) 
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Production  of  Neutron* 

1.73  In  a  fission  weapon,  the  chain  reaction  is 
initiated  by  the  introduction  of  neutrons  into  a  critical 
or  supercritical  system.  Consequently,  the  general 
methods  for  produdng  neutrons  in  weapons  will  be 
reviewed  here.  One  of  the  simplest  procedures  for 
obtaining  neutroiu  is  by  the  action  of  alpha  parades 
on  certain  light  elements,  notably  beryllium-,  procesMs 
of  this  kind  are  referred  to  as  (a,n)  reactions.  Recalling 
that  the  alpha  particle  is  actually  a  helium  nucleus,  the 
reaction  is  represented  by 

jHe+^Be-^'IC  +  Jw. 

1.74  A  convenient  source  of  alpha  parades,  which 
was  used  extensiwly  at  one  time  in  fission  weapons,  is 
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"incubuion  time"  (Fig.  2.1).  The  time  between  first 
critical  and  explosion  (or  maximum  supercriticality)  is 
here  called  die  "assembly  time."* 

2.24  Because  of  die  rapid  increase  in  die  neutron 
population  during  the  propagation  of  the  fission  chain 
reaction,  the  fission  energy  is  released  at  a  very  high 
rate.  The  heat  generated  causa  the  temperature  to 
increase  and  the  fissile  material  expands  (or  disas- 
sembles) rapidly.  Soon  the  volume  becomes  so  large 
that  the  system  becomes  subcritical  and  the  diveigent 
chain  reaction  ceases.  The  point  at  which  the  material 
passes  through  the  critical  stage  during  expansion  is 
caUed  "second  critical"  (82.59). 

2.25  The  number  of  fission  generations  corre- 
sponding to  the  explosion  time  for  a  spherical  (im- 
ploded) core  can  be  calculated  in  a  semiquantitative 
way  in  the  following  manner.t  If  the  reasonable 
assumption  is  made  that  the  pressure  in  the  assembly 
has  a  parabolic  distribution,  then  the  pressure  P  at  a 
disunce  r  from  the  center  of  the  core  of  radius  I?  is 


(2.11) 


where  Pq  is  the  pressure  at  the  center.  If  P  is  the 
average  pressure  in  the  core  then,  as  shown  in  the 
appendix  to  this  chapter. 


celeradon,  as  well  as  the  energy  density  and  the 
pressure,  will  vary  as  *** ;  hence, 

where  ^4  is  a  consttnt.  If  this  result  is  substituted  into 
equation  (2.13),  it  is  seen  that 


a 


(2.14) 


2.27  Suppose  the  unperturbed  velocity  of  the  core 
surface  during  assembly,  i.e.,  before  it  is  affected  by 
the  fission  energy,  is  ooi  then  the  assembly  motion  will 
be  halted  when 


(2.15) 


and  this  corresponds  to  explosion  time.  Consequendy, 
from  equations  (2.14)  and  (2.15),  at  explosion  time 


a  =  »oO, 


and  from  equation  (2.12) 


P=-p  Rvoa. 


(2.16) 


s   1  „ 
P'jpRa, 


(2.12) 


where  p  is  the  density  of  die  core  material  and  a  is  the 
acceleration  at  its  surface. 

2.26  If  the  change  in  velocity  at  the  surface  of  the 
core  at  a  tinK  /  after  initiation  of  the  chain  reaction  is 
represented  by  Av,  then 


adt. 


(2.13) 


Furthermore,  with  an  exponentially  increasing  neutron 
population,  as  indicated  by  equation  (2.6),  the  ac- 


*In  weapons  test,  a  measured  time  interval  is  that  between 
firing  the  HE  system  and  the  first  appearance  of  gamma  rays 
from  the  explosion;  it  is  called  the  "HE  tranrit  time"  or  simply 
the  "transit  time." 

tThe  purpose  of  this  treatment  is  merely  to  provide  a 
genera]  undemanding  of  the  core  beiiavior.  In  weapons  design 
studies,  more  exact  calculations  are  made  with  the  aid  of 
computen. 


This  is  the  average  pressure  in  the  core  at  explosion 
rime. 

2.28  The  application  of  equation  (2.16)  may  be 
illustrated  by  considering  the  hypothetical  case  of  a 
core  with  a  density,  p,  of  20  g/cm^ ,  and  a  radius,  R,  of 
5  cm.  "nie  unpertuibed  rate  of 


«t  1  gen/sbake,  ix.,  10~  gei^/sec. 
les  arc  substituted  into  eqiMtion  (2.16),  k 


follows  that  at  explosion  time 


r 


2.29  At  explosioa  time  ,  the  core  will  be  effectively 
a  gas  at  very  b^  pressuie  and  it  may  be  considered  to 


$The  unit  1  bar  is  equivalent  to  a  pleasure  <d  lo' 
dynes/cm*;   the   megabai,   i.e.,   10*   ban,  is  then  lO** 
dynes/cm*.  The  sundard  atmospheric  pressure  (760 mm  of 
mercury)  is  1.013  bars;  thus  a  pressure  of  1  atm  is  approxi-  . 
matdy  1  bar. 
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2.43  It  is  of  interest  to  mention,  in  passing,  that 
die  efficiencvj)f  the  earliest  jmpiorion  weapons 

^vSS^^^^^%ystxxm  (§1.36).  Iliis  accounts  for  the' 
&ct  that  devices  of  liie  latter  type  have  occupied  a 
secondary  place  in  the  development  of  fission  weapons, 
except  for  special  purposes. 

.V 

Calculation  of  Efficiency:  Compotar  Metfiods 

2.44  At  the  present  time,  the.efficiency  or,  more 
correctly,  the  enetgy  yield  of  a  weapon  is  determined 
by  computer  calculations  based  on  codes  vAaA  have 
been  developed  to  represent  the  behavior  of  the  fission 
chain  system.  The  calculations  usually  stan  at  or 
immediately  before  explosion  time,  when  significant 
mechanical  effects  may  be  assumed  to  begin.  From 
initiation  up  to  this  time,  the  material  is  essentially 
stationary  or  is  still  being  compressed  and  only  a  small 
proportion  of  the  total  energy  has  been  liberated.  The 
treatment  takes  into  account  the  neutronic  behavior, 
the  hydrodynamics,  and  heat  flow;  die  motion  of  a 
series  of  concentric  shells  (or  "mass  points")  is 
followed  undl  the  rate  of  energy  release  by  fission  has 
fallen  almost  to  zero.  The  total  yield  includes  the 
energy  released  after  the  system  has  expanded  and 
become  subcritical.  Although  self-sustaining  chain  prop- 
ag»don  is  no  longer  possible,  convergent-chain  inter- 
action of  the  many  neutrons  and  fissile  nuclei  still 
present  will  result  in  considerable  energy  production. 
This  may  amount  to  some  30  percent  or  more  of  the 
total  yield. 

The  Bathe— Feynman  Formula 

2.45  Prior  to  the  development  of  computing 
machine  procedures,  and  before  data  were  available 
from  test  explosions  for  comparison  and  normalization 
purposes,  fission  weapon  efficiencies  were  estimated  by 
the  method  of  Bethe  and  Feynman.  The  basic  formula 
is  admittedly  approximate,  since  it  involves  several 
amplifying  assumptions.  However,  its  derivation  is 
useful  in  the  respect  that  it  provides  a  model  of  the 
explosion  of  a  fission  weapon  and  indicates,  qualita- 
tively at  least,  some  of  the  factors  which  affect  the 
efficiency  of  the  explosion.  The  treatment  given  below 
is  applicable  to  pure  fission  systems  and  not  after 
boosting  occurs. 

2.46  As  a  result  of  the  energy  liberated  in  fission, 
very  large  pressures  (10—1000  megabars)  are  developed 
in  the  core,  and  the  core-tamper  interface  consequendy 
receives  a  large  outward  acceleration.  This  causes 
highly  compressed  tamper  material  to  pile  up  just 


ahead  of  the  expanding  interface,  in  an  effect  refeirred 
to  as  the  "snowplow"  phenomenon,  because  of  the 
similarity  to  the  piling  up  of  snow  in  front  of  a 
snowplow.  The  inertia  of  the  compressed  tamper 
delays  expansion  of  the  core,  so  that  a  considerable 
pressure  gradient  builds  up  from  the  center  of  the  core 
to  its  outer  surface. 

2.47  Furthermore,  because  of  the  delayed  expan- 
sion, it  may  be  supposed  that  the  volume  of  the 
compressed  (supercritical)  ccae  renMins  essentially  con- 
stant during  ther^  3  or  so  generations 
following  initiation  ot  tne  tission  chain,  i.e.,  up  to 
explosion  time.  After  thb  interval,  almost  the  whole  of 
the  energy  is  released  within  an  extremely  short  period, 
during  which  time  the  supercritical  core  expands 
rapidly  until  it  becomes  subcritical.  Although  there  is 
an  appreciable  release  of  enetgy  even  while  the  system 
is  subcritical,  as  mentioned  in  §2.44,  it  will  be 
postulated  that  energy  production  ceases  when  the^ 
dimensions  are  just  subcritical.  It  will  be  assumed,' 
further,  that  ho  energy  escapes  during  the  short  period 
of  expansion  from  maximum  supercriticality  to  the 
point  where  the  system  becomes  subcritical.  * 

2.48  Let  R  be  the  radius  of  a  spherical  core  at  the 
point  of  maximum  supercriticality;  then,  in  accordance 
with  the  postulate  made  above,  this  will  remain 
unchanged  until  explosion  time.  Subsequendy,  the 
enei^  density  of  the  system  becomes  so  large  that 
mechanical  effiects  begin  and  die  core  starts  to  expand. 
Suppose  that  when  the  core  has  expanded  by  a  fraction 
6,  so  that  the  radius  is  J?(l  +  6),  the  system  is  just 
critical  (F^.  2.2);  beyond  this  point  it  will  be  sub- 
critical.  The  self-sustaining  fission  chain  will  then  end 
and,  in  accordance  with  the  approximation  postulated 
above,  there  will  be  no  further  release  of  enOgy. 


"SNOWPLOW"  REGION 


CORE  BEPORE 
EXPANSION 


CORE  WHEN  FISSION 
CHAIN  ENDS 

Figure  2.2 

2.49  Consider  a  thin  shell  of  material  in  the  core, 
of  volume  and  thickness  dR\  the  cross  sectional 
area  of  die  shell  is  then  dV/dR.  If  dP  is  die  pressure 
difference  on  the  two  sides  of  this  shell,  caused  by  the 
liberated  fission  energy,  the  net  outward  force,  dF,  to 
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which  the  shell  is  subjected,  i.e.,  pressure  X  area,  is 
then 


dV  dP 
dR    dR  ' 


(2.19) 


vAten  dP/dR  is  the  pressure  gradient  in  the  given  shell. 
As  a  reasonable  approximation,  it  may  be  supposed 
that  the  pressure  gradient  is  essentially  constant  across 
the  core  radius,  so  that 


dP  P 
— —  «— , 

dR  R 


(2.20) 


where  P  is  the  total  difference  in  pressure  from  the 
center  of  the  core  to  the  outer  surface  before  expan- 
sion occurs.  Hence,  from  equations  (2.19)  and  (2,20), 


dF»—dV. 
R 


(2.21) 


2£0  The  time  required  for  the  core  to  expand 
from  radius  R  to  i{(l  +5),  i.e.,  a  distance  of  R8,  is 
about  7  generations,  as  seen  in  §  2.38.  However,  as  -a 
rough  approximation,  this  may  be  taken  as  1/a,  where 
a  is  the  multiplication  rate  just  prior  to  explosion  time. 
The  mean  outward  acceleration  of  the  core  material, 
and  of  the  shell  dV,  may  consequently  be  expressed  as 
RSa^.  The  mass  of  the  shell  is  pdV,  where  p  is  the  core 
density;  hence,  by  Newton's  second  law  of  motion,  i.e., 
force  =  mass  X  acceleration,  the  force  dF  acting  on  the 
shell  is  given  by 

dF»pdVX  RSa^. 

Upon  comparing  this  result  with  equation  (2.21),  it  is 
seen  that 


(2.22) 


2.S1  As  in  the  calculation  of  the  explosion  time, 
the  total  eneigy  of  the  core,  assuming  there  is 
negligible  loss  during  the  initial  expansion,  is  expressed 
by  equation  (2.17),  namely. 


E' 


PV 

r- 1' 


(2.23) 


where  if  is  the  ratio  of  the  speciHc  heats  of  the  gas. 
Using  equation  (2.22)  for  P  and  writing  M/p  for  the 
volume  of  the  core,  M  being  the  mass,  equation  (2,23) 
becomes 


T-1 


(2.24) 


2.S2  If  6  is  the  energy  released  in  the  complete 
fission  of  unit  mass  of  core  material,  then  the  total 
energy  available  in  the  core  is  Me,  and  the  efficiency, 
according  to  equation  (2.18),  is  E/Me,  where  £  is  given 
by  equation  (2.24);  consequently, 


_  E  _ 

"iMe~(r-  l)c" 


(2.25) 


It  should  be  pointed  out  that  in  the  forgoing 
derivation  no  allowance  has  been  made  for  depletion  of 
the  core  material  as  fission  proceeds.  For  low  effi- 
ciencies, to  which  most  of  the  other  approximations 
made  arc  applicable,  the  depletion  is  not  significant 
and  can  be  n^lected.  Moreover,  no  allowance  has  been 
made  for  the  inertial  effect  of  the  tamper  on  the 
efficiency.  For  the  present  purpose,  which  is  to  obtain 
a  qualitative  guide  to  some  of  the  factors  determining 
the  efficiency,  this  can  also  be  ignored.  Hence,  replac- 
ing the  quantity  1/(7  —  1)6  by  a  constant,  K,  equation 
(2.25)  can  be  written  as 


0  «  KR^o?h, 


(2.26) 


which  is  a  version  of  the  Bethe— Feynman  formula  that 
was  developed  for  slightly  supercritical  systems.  The 
efficiency  of  a  fission  weapon  is  seen  to  depend  on  the 
factors \R,  a,  and  5. 

2.53  Since  the  efficiency  of  a  fission  weapon  may 
be  expected  to  increase  as  R^  (at  constant  density),  it 
would  be  advantageous  for  the  core  to  be  large  at  the 
time  of  the  initiation  of  the  fission  chain.  One  way  in 
w4uch  this  can  be  achieved  in  practice,  e,g.,  in  a 
gun-type  weapon,  is  to  bring  together  subcritical 
masses  which  are  designed  to  contain  a  large  total  mass 
of  fissile  material.  Thus,  for  a  given  compression  or, 
especially,  for  no  compression,  the  efficiency  would  be 
expected  to  be  greater  the  larger  the  mass  of  the 
assembled  core, 

2.54  In  general,  the  most  important  factor  in 
determining  the  efficiency  of  a  fission  weapon  is  a,  and 
the  laner  increases  in  proportion  to  the  compression 
(§2.19).  The  efficiency,  according  to  equation  (2.26), 
will  thus  be  related,  approximately  at  least,  to  t;^  (or 
to  17* if  the  effect  of  tamper  compression  is  included 
(§1.47)).  In  addition,  althou^  of  lesser  s^^canee, 
the  effect  of  compression  on  6  must  be  taken  bito 
account;  the  more  highly  compressed  the  core;  niaterial 
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A2.01  The  average  pressure  P  in  a  spherical  im- 
ploding core  of  radius  R  is  defined  by 


PV  =  P{%vR^)  =  J^P  (47rr^ )dr,  (2.29) 


where  P  is  the  pressure  at  the  distance  r  from  the 
center;  hence. 


It  follows,  therefore,  from  equation  (2.11),  for  a 
parabolic  pressure  distribution,  that 

The  integral  in  equation  (2.30)  may  be  evaluated  as 
follows: 

R'      2  „3 


If  this  result  is  inserted  into  equation  (2.30),  it  is  seen 
that 


A2.02  Because  of  the  pressure  gradient  in  the  core, 
the  material  will  be  accelerated,  and  this  acceleration, 
a(r),  at  the  radial  distance  r,  is  given  by  the  expression 


p  ar 


where  p  is  the  density  of  the  core  material.  If  P  is  again 
expressed  by  equation  (2.11),  then 


a(r)  =  -^ 
P 


'^(^-:^)  P„2r 


dr 


P  R^ 


Hence,  the  acceleration,  a,  at  the  surface  of  the  core, 
where  r  =  ii,  is 


2Po 


so  that 


PR' 


pRa 


Upon  inserting  this  expression  into  equation  (2.3l),  it 
follows  that 


P=jpRa. 


(2.31) 


which  is  equation  (2.12). 
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A  SHORT  HIS1 ORY  OF  THE  U.S.  NUCLEAR  STOCKPILE: 

1945-1985  (U) 

Raymond  Pollock 

ABSTRACT  (U) 

This  report,  one  in  a  series  concerned  with  the  history  of  nuclear- 
weapons  research  and  development,  examines  the  evolution  of  the  U.  S. 
nuclear  weapons  stockpile.  The  report  distinguishes  between  weapon 
requirements  resulting  from  strategic  and  operational  demands  and  re- 
quirements created  by  technological  advances.  The  acquisition  of  nu- 
clear weapons  through  four  distinct,  evolutionary  phases  is  also  re- 
viewed. 


INTRODUCTION 

The  purpose  of  this  report  is  to  identify  the 
possible  causes  of  significant  change  in  the 
U.S.  nuclear-weapons  stockpile  as  it  evolved 
between  1945  and  1985.  While  we  will 
be  concerned  with  the  relationship  between 
stockpile  characteristics  and  national  security 
policy,  we  concentrate  on  qualitative  changes 
rather  than  on  inventories.  Our  principal  in- 
terest is  to  distinguish  between  weapon  re- 
quirements generated  by  strategic  and  opera- 
tional demands  and  those  resulting  primarily 
from  opportunities  created  by  the  advance  of 
technology. 

As  a  first  step,  we  examine  the  diver- 
sity of  the  U.S.  nuclear- weapons  stockpile, 
or  more  particularly,  its  variation  over  time. 
Figure  1  shows  the  total  number  of  distinct 
weapon  systems  (as  distinguished  by  mark 
number),  both  strategic  and  tactical  (non- 
strategic)  weapons.  The  bar  charts  of  Fig.  2 
indicate,  for  the  strategic  category,  system 
entries  and  retirements;  the  net  of  these  de- 


termines the  data  points  of  Fig.  1.  Fig- 
ure 3  shows  entries  and  retirements  for  non- 
strategic  systems.  Examination  of  these  fig- 
ures leads  to  the  conclusion  that  between 
1945  and  1985  the  U.S.  nuclear-weapons  ac- 
quisition process  proceeded  in  four  distinct 
phases. 

In  the  early  postwar  phase  (1945-1950), 
the  stockpile  remained  based  on  the  wartime 
Fat  Man  and  Little  Boy  designs.  Air  Force 
heavy  bombers  provided  the  only  delivery 
vehicles,  and  the  "atomic"  bomb  was  clearly 
seen  as  solely  a  strategic  weapon  of  awesome 
power. 

During  the  second  phase  (1950-1955),  the 
variety  of  stockpiled  systems  grew  quite 
rapidly,  as  the  results  of  postwar  R&D  al- 
lowed lighter,  more  efficient  fission  bombs 
to  be  developed.  New,  heavier  bombers 
made  possible  the  entry  into  stockpile  of  the 
first  huge,  high-yield,  "emergency  capabil- 
ity" thermonuclear  weapons.  And  the  first 
weapons  developed  especially  for  tactical  ap- 
plications made  their  appearance. 
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had  been  consolidated  into  the  JSTPS,  and 
the  first  SIOP  was  in  effect.  Nuclear  sup- 
port for  the  North  Atlantic  Treaty  Organi- 
zation (NATO)  in  the  theater  had  been  pre- 
pared and  the  weapons  to  implement  NATO 
MC  14/2  were  in  procurement.  The  list 
of  strategic  weapons  that  entered  stockpile 
during  the  last  5  years  of  the  Eisenhower 
administration  attests  to  the  vigor  of  the  nu- 
clear production  complex: 

B28  (thermonuclear  bomb) 
B36  (thermonuclear  bomb) 
B39  (thermonuclear  bomb) 
B41  (thermonuclear  bomb) 
W28  (thermonuclear  warhead:  Hound 

Dog,  Mace) 
W39  (thermonuclear  warhead: 

Bomarc) 

W47  (thermonuclear  warhead:  Polari^s 
A1,A2) 

W49  (thermonuclear  warhead:  Thor. 
Jupiter,  Atlas,  Titan  I). 

The  list  of  tactical  weapons  is  equally 
impressive: 

W25  (fission  weapon:  Genie  air-to-air 

defense  missile) 
W27  (thermonuclear  warhead: 

Regulus  II) 
W30  (fission  warhead:  Navy  Talcs, 

TADM  missiles) 
W31  (fission  weapon:  ADM. 

W33~(gun-assembled  fission  weapon: 

8-in.  artillery  shell) 
W34  (multipurpose  fission  warhead: 
Hotpoint). 

The  momentum  built  up  during  the 
Eisenhower  years  carried  over  into  the 
Kennedy  Administration,  even  though  De- 
fense Secretary  Robert  McNamara  found 
SIOP-62  too  rigid  and  apparently  lacking  in 
strategic  rationale.  The  new  administration 
initiated  a  rethinking  of  strategy  and  doc- 
trine and  introduced  flexible  options  into 
the  SIOP,  but  did  not  slow  the  entry  of  new 
weapons  into  stockpile.  As  a  result,  by  the 
end  of  1965  the  following  additional  nu- 
clear systems  had  become  operational: 


Januarv  2,  1991 


Strategic: 


W38  (thermonuclear  warhead: 

Atlas.  Titan  I) 
B43  (thermonuclear  bomb) 
W53  (thermanuclear  warhead: 

Titan  II) 
W56  (thermonuclear  warhead: 

Minuteman  II) 
W58  (thermonuclear  warhead: 

Polaris  A3) 
W59  (thermonuclear  warhead: 

Minuteman  I). 

Tactical: 

W44  (fission  weapon:  ASROC) 
W45  (fission  weapon:  MADM, 

Little  John,  Terrier.  Bullpup) 
W48  (fission  weapon:  155-mm 

artillery  shell) 
W50  (thermonuclear  warhead: 

Pershing  I) 
W52  (thermonuclear  warhead: 

Sergeant) 
W54  (fission  weapon:  Falcon,  Davy 

Crockett,  SADM) 
W55  (thermonuclear  warhead: 

SUBROC) 
B57  (multipurpose  fission  bomb). 


It' 


J  Except  for  the 


gun-assembled  W33,  which  required  exten- 
sive field  assembly  before  firing,  all  stock- 
piled weapons  were  now  sealed-pit  designs. 
While  there  was  much  innovative  detail, 
and  a  few  really  new  wrinkles  yet  to  be 
worked  out,  the  major  inventions  had  been 
made  and  heavily  exploited,  and  the  ba- 
sic patterns  of  nuclear-weapons  technology 
had  been  firmly  established. 
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THE  STOCKPILE  FROM  1965 

Since  1965,  the  growth  in  the  nuclear- 
weapons  stockpile  has  shown  a  character 
entirely  different  from  that  of  the  first  two 
decades..  Referring  once  again  to  Figs.  I 
and  2,  we  see  that  only  23  new  systems  en- 
tered stockpile  in  the  20  years  1966-1985 
and  that  15  systems  were  retired  during 
this  period.  The  functional  makeup  of  the 
stockpile,  that  is,  the  proportions  dedicated 
to  strategic  and  nonstrategic  missions,  re- 
mains steady  at  the  pattern  established  by 
1965.  This  pattern  is  consistent  with  a  view 
that  little  change  in  fundamental  U.  S.  nu- 
clear strategy  has  taken  place  over  the  last 
20  years.  Apparently,  no  nuclear  innova- 
tion during  this  period  has  been  sufficiently 
dramatic  to  once  more  induce  sea  changes 
like  those  of  the  1940s  and  1950s.  To  a 
large  extent,  turnovers  in  the  stockpile  ap- 
pear designed  to  make  more  effective  use 
of  the  technologies  first  developed  in  the 
1950s  in  order  to  match  weapon  systems 
to  military  requirements. 

This  is  not  to  say  that  the  art  and  sci- 
ence of  nuclear  weaponry  has  not  advanced 
during  the  modem  era.  Steady  progress 
in  basic  weapon  technology  and  a  few 
major  technical  innovations  have  substan- 
tially enhanced  the  operational  and  logisti- 
cal utility  of  nuclear  weapons.  To  examine 
this  in  detail,  we  shall  in  the  balance!  of 
this  report  adopt  an  organization  cenusred 
on  distinguishing  weapons  by  the  opfera- 
tional  requirements  they  are  designed  to  fill. 
Specifically,  we  shall  develop  the  history  of 
the  stockpile  in  seven  different  categories: 

Strategic  offensive:  land-based 

ballistic  missiles 
Strategic  offensive:  sea-based  ballistic 

missiles 
Gravity  bombs 
Air-to-surface  missiles 
Tactical  missiles 
Defensive  weapons 
Miscellaneous  tactical  weapons. 

'  Before  a  chronological  siirvey  of  stock- 
pile development  is  resumed,  the  more  im- 
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portant  advances  of  the  past  20  years  will 
first  be  described. 

Basic  Knowledge 

While  not  an  identifiable  single  technol- 
ogy, increased  knowledge  of  basic  weapon 
physics,  materials  properties  and  behav- 
ior, electronics,  and  computing  technol- 
ogy have  resulted  in  .substantial  steady 
improvements  in  nuclear-weapons  design 
and  construction.  Weapons  designers  have 
been  able  to  use  their  understanding  of 
the  physics  of  weapon  function,  plus  the 
marked  improvement  in  their  ability  to 
model  weapon  behavior,  to  eliminate  un- 
necessary weight  and  fit  a  given  yield  into  a 
smaller  envelope.  At  the  same  time,  minia- 
turization of  weapon  electronics  and  the  de- 
velopment of  new  structural  materials  have 
made  it  possible  to  use  more  of  the  to- 
tal warhead  volume  for  the  nuclear  physics 
package.  The  result  has  been  a  steady 
improvement  over  the  years  in  the  yield- 
to-weight  ratio,  reductions  in  warhead  di- 
ameter and  size,  and  the  ability  to  tailor 
weapons  to  particular  delivery  modes. 

Safety 

It  is  noteworthy  that,  over  the  span  of 
more  than  40  years,  there  has  never  been  an 
accidental  detonation  of  a  nuclear  weapon 
that  produced  a  nuclear  yield.  However, 
there  have  been  accidents  with  nuclear 
weapons,  and  there  have  been  accidental 
detonations  of  high  explosive  (HE)  in  nu- 
clear weapons.  Requirements  for  one-point 
safety  adopted  and  enforced  many  years 
ago  have  ensured  that,  even  in  the  event 
of  an  accident  sufficiently  severe  to  deto- 
nate the  HE  of  a  nuclear  weapon,  no  sig- 
nificant nuclear  yield  will  result.  How- 
ever, explosion  and  fire  can  still  result  in 
the  dispersal  of  weapons  materials^ — most 
notably  plutonium — that  still  present  a  sig- 
nificant hazard  to  indigenous  populations 
and  cleanup  personnel.  The  most  notewor- 
thy such  event  occurred  in  1966  near  Palo- . 
mares,  Spain,  when  a  B-52  carrying  four 
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While  controversy  over  MX  basing  has 
clouded  the  program  almost  from  its  begin- 
ning— and  is  not  yet  completely  settled — 
the  process  of  choosing  a  warhead  for  MX 
was  also  not  sereneJ 


Segments  of  the  Air  Force  strongly  op- 
posed this,  however,  arguing  that  Soviet 
construction  of  a  new  generation  of  "super- 
hard"  missile  silos,  control  centers,  and 
leadership  bunkers  made  it  imperative  that 
the  MX  be  used  to  improve  U.  S.  hard- 
target  kill  capability.  The  March  1976 
imposition  of  a  150-kt  limit  on  nuclear 
test  yields  by  the  Limited  Test  Ban  Treaty 
(LTBT)  complicated  the  decision  process. 
This  meant  that  a  new  high-yield  warhead 
for  MX  would  have  to  be  fielded  with- 
out ever  undergoing  tests  in  its  complete 
design  configuration.  Advocates  of  hard- 
target  kill  won  the  day  fairly  early  on.  but 
the  specifics  of  the  warhead  remained  un- 
certain for  some  time;  for  an  extended  pe- 
riod the  W78  Mk-12A  was  carried  as  the 
baseline  MX  warhead.  However,  in  early 
1982  the  Department  of  Defense  (DoD) 
chose  a  new  warhead,  the  W87,  to  be  mated 
with  the  new  Mk-21  reentry  vehicle. 

The  W87  began  the  modern  era  of  treaty- 
'constrained  development  of  t^gh-yield  war-. 
heads,  i 
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Sea-Based  Strategic  Ballistic  Missiles 

October  1965  saw  the  last  ballistic- 
missile  nuclear  submarine  (SSBN)  patrol  ol 
the  Polaris  Al  missile  and  the  start  of  de- 
velopment of  the  Poseidon  C3  missile  for 
the  new  Poseidon  boats.  Only  5  years  af- 
ter the  first  Polaris  SSBN  had  gone  on  sta- 
tion, the  Navy  was  retiring  the  earliest  el- 
ements of  its  first-generation  SLBM  force 
and  was  entering  development  of  a  second. 
MlRVed  generatiprj..- 


Neither  of  the  Polaris  versions  offered 
very  good  delivery  accuracy,  nor  would 
this  be  a  requirement  on  the  yet-to-be- 
developed  Poseidon  C3.  The  primary  mis- 
sion of  the  SLBM  force  seemed  to  be  to 
provide  a  secure  retaliatory  force,  either 
to  meet  the  requirements  for  finite  deter- 
rence, spelled  out  10  years  earlier  by  Ar- 
leigh  Burke,  or  to  pave  the  way  for  SAC 
bombers  by  knocking  out  defenses,  a.s  stip- 
ulated by  President  Eisenhower.  In  any 
case,  the  SLBM  force  was  clearly  designed 
for  soft  targets. 


The  Trident  program  began  as  ULMS — 
I  Undersea  Long-Range  Missile  System— in 
'  1969  as  a  result  of  the  STRAT-X  studies. 
.  As  a  follow-on  to  Polaris/Poseidon,  Trident 
I  was  envisioned  as  a  quieter  submarine;  car- 
lying  missiles  that  could  be  launched  at 
intercontinental  range.  The  need  for  Tri- 
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dent  was  driven  by  two  primary  consider- 
ations: a  replacement  for  Poseidon  would 
be  needed  before  the  end  of  its  projected 
service  life  of  20  to  25  years,  and  the  re- 
placement submarines  should  operate  over 
a  wider  range  of  ocean  in  order  to  en- 
sure survivability  against  a  growing  Soviet 
surveillance  and  ASW  capability.  Devel- 
opment of  the  Trident  I  C4  missile  and 
the  Ohio-class  Trident  boat  was  approved 
by  the  Secretary  of  Defense  in  Septem- 
ber 1971. 

The  Trident  I  missile  was  sized  to  allow 
retrofit  into  the  smaller  Poseidon  SSBNs — 
a  later  Trident  11  missile  will  fit  only  the 
larger  Trident  boats.  By  the  time  the  W76 
warhead  for  the  C4  was  selected  in  1973, 
the  Navy  had  become  more  interested  in 
missile  range  than  in  any  further  fraction- 
ation of  payloads. 


liver  its  full  load  of  eight  W76  warheads 
to  ranges  greater  than  those  attainable  by 
an  off-loaded  Poseidon  C3.  Although  the 
accuracy  of  thel~ 


The  W76  is  theJatest  SLBM  warhead  ta 
enter  stncknileJ 


complete  the  islavy's  conversion  from  con-; 
centration  SQlely...QP  soft  targets.: 


in  all  its  variants.  The  B61,  which  entered 
Phase  3  development  in  January  1963,  is  a 
multipurpose  modem  tactical  bomb,  weigh- 
ing approximately  700  lb,  which  now  ex- 
ists in  eight  models  designed  for  air  de- 
livery by  both  strategic  and  tactical  forces. 
Because  the  B61  is  a  truly  multipurpose 
weapon,  carried  by  a  wide  variety  of  U.  S. 
and  Allied  aircraft  dispersed  all  over  the 
world,  the  development  and  refinement  of 
B61  mods  has  been  heavily  influenced  by 
requirements  for  safety  and  security.  All 
B61  variants  but  one  carry  Permissive  Ac- 
tion Link  (PAL)  arming  systems,  and  some 
of  the  earlier  mods  that  predated  the  in- 
troduction of  IHE  are  now  being  replaced 
by  versions  employing  an  IHE  primary  and 
more  elaborate  safetv  and  security  systems. 


.  . ....  jnr 

ti  PAn;  reqi 


JvioH"  tngfflploys  a  uate- 
gory  u  h'AX,,  requiring  entry  of  a  four-digit 
code  to  arm  the  weapon.  The  Mod  1  does 
not  have  the  PAL  (it  is  intended  for  Navy 
use);  otherwise,  it  is  identical  to  the  Mod  0. 
Both  of  these  early  ver^jQin^  use  ,PR^94n4 
HE.I 


nis  version  also  incor^ 
porates  command  disable,  which  will  de- 
stroy critical  components  of  the  warhead 
on  coded  command.  The  B61  Mod  5  is  the. 
last  of  the  non-IHE  versions.  I 


Gravity  Bombs 

*  The  story  of  gravity  bombs  since  1965  is 


Li 


'Beginning  with  the  Mod  3,  IHE  has" Be^ 
jcome  standard  equipment  for  B61s,  alohg 
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in  the  strategic  stockpile.  Simultaneously, 
the  intensified  Soviet  threat  to  Europe  and 
the  consolidation  of  U.  S.  nuclear  strategy 
led  to  the  introduction  of  large  numbers  of 
weapons  designed  for  tactical/theater  ap- 
plications. During  this  period,  the  three 
legs  of  the  strategic  triad  were  estab- 
lished and  the  first  SIOP  was  developed. 
While  progress  in  nuclear-weapon  technol- 
ogy continued  to  play  a  major  role,  techni- 
cal advance  across  a  broader  front,  includ- 
ing electronics  and  ballistic-missile  tech- 
nology, became  very  important.  This  era, 
perhaps  more  than  any  other,  displays  the 
symbiosis  of  nuclear  and  nonnuclear  tech- 
nologies in  both  prodding  and  responding 
to  military  requirements. 

The  fourth  phase,  extending  from  about 
1965  to  1985,  might  be  characterized  as 
largely  a  period  of  refinement.  While  the 
total  number  of  stockpiled  weapons  has 
varied  over  these  years,  the  number  of 
distinct  types — maiic  numbers — has  stayed 
relatively  constant  until  the  recent  Rea- 
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gan  administration  buildup.  Second-  or 
even  third-generation  warheads  have  re- 
placed earlier  systems,  offering  quantitative 
improvem.ents  in  performance  and  opera- 
tional characteristics.  Technical  advance  in 
the  state  of  the  art  in  nuclear  weaponry  has 
continued,  but  military  requirements  have 
become  the  dominant  force  in  determining 
the  shape  of  the  stockpile. 
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EXECUTIVE  SUBfiBiARY 

Background 

The  world  has  witnessed  such  revolutionary  changes  over  the 
past  18  months  that  clearly  a  new  era  has  started.  In  this  context,  the 
authors  undertook  a  study  in  late  1989  with  partial  Army  support  that 
would  assess  future  European  short-range  nuclear  force  (SNF) 
structures  and  target  sets.  The  rapidity  of  the  political  changes  in 
Europe  and  the  Soviet  Union  at  the  early  stages  of  the  effort 
motivated  broadening  the  study  to  include  strike  non-strategic  nuclear 
forces  (NSNF)  in  a  worldwide  context.  Also,  the  nature  of  the  evolving 
era  indicated  that  a  traditional  target-based  analysis  would  be  sadly 
deficient  without  underlying  policy  and  economic  assessments.  These 
assessments  have  led  us  to  conclude  that,  even  more  than  before, 
future  stockpiles  will  not  be  determined  strictly  on  the  basis  of  threat 
target  defeat.  Stockpiles  will  be  configured  from  a  complex  interaction 
of  domestic  and  international  politics,  defense  budgets,  arms  control 
treaties,  and  differing  threat  perceptions. 

The  events  in  Europe  are  also  affecting  US  NSNF  strategies  for 
other  theaters.  The  outcome  of  future  Nuclear  Weapons  Requirements 
Studies  (NWRS)  from  the  nuclear  CINCs  may  profoundly  affect  NSNF 
roles  and  missions  of  the  services.  Trends  in  late  1990  were  moving 
toward  a  denuclearization  of  the  Army  in  the  sense  that  organic 
nuclear  systems  might  be  retired. 

Therefore,  this  paper  examines  the  1995-2000  rationale,  roles, 
and  capabilities  of  US  NSNF  in  light  of  the  revolutionary  changes  in 
Europe,  plausible  future  nuclear  threats  worldwide,  and  downward 
trends  in  NSNF  due  to  economic  and  political  pressures. 

Policy  Findings:  Strong  Reasons  for  NSNF 

The  strategy  and  policy  reassessment  of  US  NSNF  identified 
strong  rationale  for  a  continued  role: 

•  As  a  visible  instrument  of  superpower  status  in  an  uncertain  and 
unpredictable  world 

•  As  a  deterrent  to  future  non-superpower  nuclear-capable  adversaries 
in  a  proliferated  world 

•  As  a  deterrent  to  regional  Soviet  or  Russian  aggression  as  long  as 
resurgence  or  reconstitution  remains  feasible 

•  To  provide  stability  and  insurance  in  a  post-CFE  Europe  through  a 
small  air-delivered,  forward-deployed  force 

Because  of  European  politics,  US  NSNF  structure  decisions  must 
be  broader  than  peacetime  NATO  strategies,  policies,  and  constraints. 
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I.  INTRODUCTION 


•  Purpose 


Scope 


Objectives 


Non-strategic  nuclear  forces  (NSNF)  have  composed  a  significant  portion 
of  the  US  nuclear  stockpile  due,  primarily,  to  their  deterrent  capabilities 
against  the  Soviet  Union  and  its  conventional  and  theater  forces.  But  the 
political  watersheds  of  1989  and  1990  in  Europe  are  causing,  and 
rightfully  so,  NATO  governments,  policymakers,  and  the  public  to 
challenge  the  need,  roles,  and  composition  of  US  fonvard-based  nuclear 
systems. 

The  events  In  Europe  are  also  affecting  US  NSNF  strategies  for  other 
theaters.  The  outcome  of  future  Nuclear  Weapons  Requirements  Studies 
(NWRS)  from  the  nuclear  CINCs  may  profoundly  affect  NSNF  roles  and 
missions  of  the  services.  Current  trends  are  moving  in  the  direction  of  a 
denuclearization  of  the  Army  in  the  sense  that  organic  nuclear  systems 
might  be  retired 

This  paper  examines  the  future  rationale,  roles,  and  capabilities  of  US 
NSNF  in  light  of  the  revolutionary  changes  in  Europe,  plausible  future 
nuclear  threats  worldwide,  and  downward  trends  in  NSNF  from  economic 
and  political  pressures. 

We  conclude  that  NSNF  still  have  a  critical  role  to  play  within  future  US 
defense  strategy.  Our  findings  (summarized  on  pages  62-63)  include  the 
need  for  a  flexible  and  versatile  force  through  a  variety  of  systems, 
including  an  organic  Army  capability  and  an  Air  Force  theater  stand-off 
capability,  but  at  substantially  reduced  numbers  from  the  present.  The 
rationale  for  US  NSNF  should  broaden  its  focus  from  Europe,  where  a 
small  force  of  air-delivered  munitions  may  remain  for  stability  and 
insurance,  to  one  embracing  roles  both  as  a  deterrent  against  future 
regional  adversaries  with  incipient  nuclear  capabilities,  and  also  as  a  US 
political  instrument  of  power  in  a  multipolar  world. 
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The  old  raison  d'etre  for  US  NSNF:  the  Soviet  Threat 


1.  Democracies  and  economies  of  Western  Europe 

2.  The  overriding  threat:  the  Soviet  Union 

3.  NATO  was  unable  to  provide  sufficient 
conventional  forces 

4.  Deployment  of  nuclear  weapons  to  Europe 
created  an  extended  deterrence  umbrella  for 
conventional  force  deficiencies 


Other  US  CINCs  were  also  allocated 
NSNF  for  deterrence  of  the  worldwide 
Soviet  Threat 


Initially  behind  the  deployment  of  US  forward-based  nuclear  forces  has  been 
the  threat  of  Soviet  lahdpower,  and  subsequently  the  Soviets'  own  theater 
nuclear  capabilities.  The  victory  of  the  allies  in  the  Second  World  War  led  to 
several  unforeseen  events:  one  was  the  raising  of  the  Iron  Curtain  in  the  late 
1940s  through  the  subjection  of  Eastern  European  countries  by  the  Soviet 
Union.  The  US,  after  fighting  a  war  against  totalitarianism,  turned  to  a  grand 
strategy  of  containment  of  Soviet  Imperialism.  A  free  and  prosperous  Western 
Europe  continued  to  be  of  utmost  interest  to  the  US;  and  therefore,  the  NATO 
alliance  was  formed  to  draw  the  line  against  further  Soviet  expansion. 
Unfortunately,  the  Soviet  Union  and  its  Warsaw  Treaty  Organization  (WTO) 
alliance  deployed  forces  far  beyond  those  required  for  its  own  defense. 
Unable  and  unwilling  to  match  the  conventional  force  goals  of  the  1952 
Lishon  Conference,  the  US  deployed  its  first  theater  nuclear  weapons  for 
NATO  in  1953. 

Over  the  past  45  years,  NATO  nuclear  doctrine  has  evolved  from  "massive 
retaliation"  in  MC  14/2.  to  "flexible  response"  in  MC  14/3.  then  to  the 
development  of  provisional  political  guidance  (PPG)  for  initial  and  follow-on 
nuclear  use,  next  to  the  Montebello  modernization  decisions,  and  now  to  the 
proposed  "weapons  of  last  resort"  from  last  summer's  London  communique. 
But  behind  all  of  these  declaratory  doctrines  and  revisions,  excepting  the  last, 
has  been  the  massive  Soviet  threat. 

The  US  strategy  of  extended  deterrence,  operative  with  the 
forward-deployment  of  US  weapons  and  nuclear  guarantees  to  the  allies,  has 
created  a  tension  between  the  Europeans  and  the  US.  The  presence  of  US 
weapons  in  Europe  has  been  emphasized  by  the  Europeans  as  a  coupling  to 
the  US  Central  Strategic  Forces.  Hence,  the  specter  of  Armageddon  must 
always  reside  in  the  calculus  of  the  Soviet  Union.  Conversely  to  the  US,  the 
presence  of  theater  nuclear  weapons  (now  NSNF)  gave  an  aura  of  credible 
response  options  before  the  ultimate  response. 
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Several  Important  factors  drove  stockpiles  to  large  sizes 
•  The  size  of  the  Soviet  threat  continued  to  grow 


•  The  advances  in  nuclear  weapon  and  delivery  system 
technologies  allowed  for  a  myriad  of  theater/tactical 
delivery  systems 


•  All  three  services  deployed  systems,  developed 
operational  concepts,  and  trained  personnel  to 
provide  a  variety  of  NSNF  capabilities 


•  The  political  element  of  Allied  participation  for 
credible  NSNF  deterrence  led  to  NATO  programs  of 
cooperation 


One  byproduct  of  the  end  of  the  Cold  War  will  be  a  large  builddown  of 
NSNF  warheads.  This  warhead  reduction  will  be  in  the  thousands,  a 
legacy  of  the  Cold  War  balancing  between  the  US  and  the  Soviet  Union. 

The  two  major  powers  have  competed  with  such  vigor  that  arsenals  grew 
to  thousands  of  theater  nuclear  weapons  on  both  sides.  The  US  and  the 
NATO  alliance  perceived  that  the  massive  Soviet  land  and  theater  nuclear 
capabilities  presented  an  unacceptable  threat  to  Western  Europe  without 
the  political  and  military  power  of  large  nuclear  weapon  inventories. 
Further,  this  Soviet  threat  grew  and  modernized  without  abatement  until 
the  economic  realities  of  a  nearly  bankrupt  economy  began  to  become  so 
apparent  in  the  last  two  years.  But  even  today  the  bureaucratic 
resistance  and  inertia  to  change  exists:  'Comrades,  we  have  converted  our 
factories  to  produce  washing  machines  and  sewing  machines... .but  half 
of  the  time  a  tank  still  rolls  out.' 

Another  reason  for  the  large  stockpiles  stemmed  from  the  remarkable 
technological  advances  in  the  period  of  the  1950s  to  1970s.  Warhead  and 
carrier  developments  allowed  a  myriad  of  systems  to  be  developed  and 
deployed.  The  apex  of  the  Cold  War  fostered  budgets  and  political 
support  for  nuclear  weapons  that  might  never  be  seen  again. 

All  three  services  also  justified  the  need  for  their  own  NSNF.  For  example, 
the  Army  spent  considerable  resources  in  the  1950s  toward  the 
development  of  the  nuclear  battlefield  with  the  Pentomic  Division,  which 
involved  an  extensive  process  of  developing  and  testing  ground  forces  in 
simultaneous  operations  with  conventional  and  nuclear  fires.  The  other 
two  services  also  devoted  significant  resources  to  their  nuclear  programs. 

In  NATO,  programs  of  cooperation  were  instituted  for  allied  participation 
in  the  US  extended  deterrence  strategy,  thereby  increasing  stockpiles. 
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NATO  is  entering  a  new  epoch:  its  strategy  is  evolving 

•  The  London  CommuniqiM  Is  a  harbinger 

•  Proposal  to  WTO:  Non-aggression  treaty,  no  longer  adversaries 

•  Nuclear  forces  are  weapons  of  last  resort 

•  Elimination  of  nuclear  artillery  shells 

•  Significantly  reduced  role  for  sub-strategic  weapons  of  shortest  range 

•  The  Soviet  Union  is  no  longer  perceived  to  be  a  credible  threat  to  Western 

Europe 

•  No  intentions  to  attack 

•  Capabilities  to  conduct  a  theater  strategic  offensive  no  bnger  credible 

•  Must  mobilize  and  pass  through  neutral  or  unfriendly  East  European  nation(s) 

•  The  economic  and  political  Imperatives  are  reducing  NATO  &  Soviet  forces 

•  Declining  budgets  for  forward-depbyed  conventional  and  NSNF  forces 

•  CFE  treaty  reducing  conventional  armaments 

•  Short-range  nuclear  force  agreements 


The  revolutionary  changes  of  the  past  two  years  demand  that  NATO  adapt 
its  nucle£ir  weapon  strategies  in  order  to  preserve  political  legitimacy  and 
acceptability.  The  first  official  response  to  the  new  era  is  the  London 
Declaration  of  July  1990.  By  recognizing  the  disappearance  of  the  Soviet 
short-warning  and  large-scale  theater  strategic  operations  (TSO)  threat, 
the  communique  discounts  the  need  for  short-range  nuclear  forces,  and 
offers  the  elimination  of  nuclear  artillery  shells.  Furthermore,  the  joint 
declaration  stipulates  that  NATO  nuclear  weapon  strategy  is  moving  away 
from  "flexible  response"  to  "weapons  of  last  resort."  As  part  of  this  revision, 
the  President  terminated  the  FoUow-on-to-Lance  modernization  program. 
Clearly,  the  debate  is  just  starting  and  will  be  controversial  as  to  the  future 
shape  of  NATO  nuclear  policies  and  stockpiles. 

Indeed,  many  NATO  thinkers  and  policy  makers  maintain  that  the  Soviet 
Union  should  no  longer  be  considered  an  adversary  since  their  aggressive 
intentions  are  gone.  They  argue  that  the  collapse  of  tJie  WTO  and  the 
planned  withdrawal  of  Soviet  forces  from  Eastern  Europe  by  1994-95 
reduces  their  capabilities  to,  at  best,  limited  aggression.  Only  the  threat 
remains  of  a  reconstituted  and  resurgent  Soviet  Union  after  lengthy 
mobilization,  however  remote.  And  the  probability  of  that  event  is 
considered  to  be  so  small  by  many  in  NATO  governments  as  to  be  no  longer 
a  politically  legitimate  scenario  for  the  maintenance  of  large  NSNF 
stockpiles  in  Europe. 

The  ongoing  economic  crises  in  the  Soviet  Union  are  to  a  lesser  degree 
matched  by  the  deficit  problems  of  the  US  budget  and  the  calls  for  a  peace 
dividend.  Other  NATO  nations  are  already  planning  for  large  defense 
reductions.  Eventually  the  CFE  treaty  may  act  more  as  a  floor  to  defense 
cuts  rather  than  a  ceiling.  SNF  understandings  and  agreements  will  be  In 
the  forefront  of  arms  control  negotiations  pending  completion  of  the  CFE 
treaty. 
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But  Future  Regional  Threats  dictate  three  NSNF 

Deterrent  Rationales  broader  than  European  stability  forces 


War  prevention  and  war  termination  where  US  vital 
interests  are  involved ; 

2.  A  visible  symbol  of  national  power  in  an  uncertain  & 
unpredictable  multipolar  world 

3.  A  deterrent  to  future  non-superpower  nuclear-capable 
adversaries  In  a  proliferated  world 

4.  A  deterrent  to  regional  Soviet  or  Russian  aggression  as 
long  as  resurgence  or  reconstitutlon  remains  feasible. 


NSNF  Roles 

  \  ■ 

•  An  Incalculable  risk  to  the  threat(s) 

•  Appropriate  &  credible  non-strategic  nuclear  options 

Including  capabilities  for  In-kind  nuclear  response 

•  Direct  defense  of  endangered  US  forces 

 >-   

The  first  major  rationale  for  NSNF  derives  from  its  contribution  as  a  political 
instrument  and  an  insurance  policy  for  the  superpower  US  Although  not  often 
on  center  stage  in  a  number  of  regional  disputes  or  conflicts,  NSNF  availability 
in  the  wings  has  certainly  played  an  important  role  in  diplomatic  interchanges 
and  crises. 

A  future  nuclear-proliferated  world  would  present  enormous  challenges  to  US 
defense  interests.  Over  ten  nations  possess  the  capabilities  to  obtain  nuclear 
armaments  in  the  next  decade.  Several  of  these  nations  maintain  profoundly 
hostile  relations  to  the  US  As  regional  powers  in  their  own  right  with 
significant  conventional  armaments,  their  addition  of  nuclear  capability  would 
raise  grave  risks  to  deployed  US  forces. 

While  the  aggressive  intentions  of  the  Soviet  Union  towards  Europe  may  have 
disappeared,  their  conventional  and  nuclear  capabilities  remain  huge.  While 
the  short-warning  scenarios  are  no  longer  credible,  a  future  resurgent  and 
mobilized  Soviet  Union  remains  feasible.  While  intentions  can  move  towards 
amicability,  they  can  subsequently  be  reversed  upon  change  in  leadership. 
The  Soviet  Union  or  the  greater  Russian  Republic,  should  some  republics 
become  autonomous,  may  have  future  cause  to  counter  US  vital  interests  in 
critical  regions  such  as  Southwest  Asia,  despite  present  trusts. 

Therefore,  we  are  incredulous  of  US  forces  without  NSNF  to  prevent  war  or  to 
terminate  war  against  hostile  nuclear-armed  states.  The  rationale  for  NSNF 
must  rest  upon  its  capabilities  to  deter  a  plausible  resurgent  Soviet  Union,  or 
any  of  several  regional  powers  with  potential  nuclear  capabilities.  As  NSNF 
kept  the  long  peace  in  Europe  because  it  engendered  cautious  behavior,  so 
should  NSNF  be  kept  as  an  incalculable  risk  towards  any  nuclear  state 
contemplating  aggression. 

The  rationale  for  NSNF  also  involves  the  element  of  credibility:  the  NCA  should 
have  options  other  than  central  strategic  forces  for  an  appropriate  response. 
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Credible  deterrence 
necessitates  will  to  employ  nuclear  weapons  as 
expressed  in  declaratory  strategies  and  roles, 
and  effective  military  capability 

Capability  is  assessed  in  this  study 

by  analyzing  the  effectiveness  of 
arms  control-restricted,  policy-driven, 
and  budgetary-constrained  stockpiles 


An  axiom  -  the  degree  of  nuclear  deterrence  relates  directly  to  will  and 

to  capability.  Declaratory  strategies  and  roles  ought  to  express  national 
will  in  explicit  terms  that  will  deter  potential  adversaries.  Capability 
ought  to  be  visible,  perceived  as  effective,  and  trained  with  in  peacetime 
to  ensure  that  no  doubts  are  raised  concerning  its  credibility  during 
crises  or  armed  conflicts. 

For  the  post- Cold  War  era,  the  target  sets  reflect  substantial  reductions 
in  type  and  numbers.  The  availability  of  two  systems,  the  Air  Force 
SRAM  T  and  the  Army  W79  for  the  8-in.  howitzer,  is  questionable  in 
light  of  ongoing  arms  control,  policy,  and  budgetary  debates.  The 
capabilities  analyses  that  follow  incorporate  these  considerations. 
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On  Monday  there  will  be  a  disouselon  In  the  Tech  Council  concerning  the 
Laboratory  program  and  in  particular  concerning  the  question  whether  our 
effort  can  be  so  increased  as  to  maVre  the  Super  Bomb  feasible  within  the 
foreaeeable  future.    T  should  like  to  present  to  you  my  Tiews  on  this 
natter  in  this  memoranduir.    In  this  way,  I  hope  that  more  thought  can 
be  glwn  to  the  question  before  Technical  Council  conTones. 

I  would  rike  to  outline  why  it  is  essential  for  us  to  derelop  a  Super  Bomb 
at  the  earliest  possible  time  or  else  be  able  to  say  with  reasonable  con- 
fidence that  the  Super  is  not  feasible.    The  arguments  that  have  led  me  to 
this  conclusion  are  of  various  kinds. 

POLITICAL  COKSIDERATION: 


<i 


a 


'-3 


3:  S^'l"^ 


5^ 


It  is  my  conviction  that  a  peaceful  settlement  with  the  Russians  Is  posslbl 
only  If  we  possess  overwhelming  superiority.    We  do  not  now  possess  such 
superiority.    The  most  promising  prospect  to  acquire  a  great  lead  is  by  an 
early  development  of  a  Super  Bomb.    T  am  sure  that  such  an  accomplishment 
will  in  itself  not  solve  the  problem.    Most  difficult  political  questions 
will  also  have  to  be  solved.    But  early  possession  of  the  Super  Bomb  will 
liv9  ua  another  'chance  In  the  political  field.    Without  a  Super  Bomb  such 
another  chance  is  not  likely  to  arise. 

RUSSIAH  PROGRESS; 

j  The  fact  that  an  atomic  explosion  took  place  In  Russia  at  this  early  a  date 
-has  considerable  significance.    It  seems  that  the  Russian  rate  of  progress 
at  least  comparable  to,  if  it  does  not  exceed,  the  rate  of  progress  in 
^^his  country.    The  Russians  have  started  working  on  the  atomic  bomb  approxi- 
]|)ately  in  the  sunmer  of  1945.    They  are  likely  to  have  given  consideration 
^tc  the  problem  somewhat  earlier  but  it  is  hardly  probable  that  the  total 
3kiB»  of  reasonably  intensive  effort  in  Russia  has  exceeded  five  years.  This 
^ins  la  approximately  the  sane  as  the  time  that  was  needed  in  this  eountjrx  ^ 
^0  make  and  to  explode  an  atomic  bomb.    Thus  the  rate  of  progress  in 
^s  eoBparable  to  the  rate  at  which  we  have  been  working  during  the^ 
t^resent  rate  of  progress  in  comparison  is  far  slower  than  in  wai 
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Jt  is  probable  that  the  Russians  did  not  explore  as 


many 


t^l Achieving  an  atomic  explosion  as  we  did.    It  is  also  pro 
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l^l  jre  took  in  our  atonic  development  was -not  absol 
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^;iiussians  have  not  put  into  their  atomic  developiMnt  th 
,   ijalaborate  scientific  and  teohnieal  effort  as  we  did.  1^ 
'gjibhat  their  accomplishment  is  not  equal  to  our  wartime 

la  BO,  however,  it  merely  provies  thst  the  elaborate  precautions  which 
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RusslaDS  continue  to  make  actual  progresa  faster  and  If  we  lose  the  atomic 
armament  race.  It  will  make  little  difference  whether  the  reason  ha»  been 
the  particular  brilliance  of  Bussian  acientiata  or         ^^gglf^***  caution 
•nd  thoroughoesa  of  our  own  group.  ^^^SSS^SI^ljffffSII^ 

A  detailed  pcasible  picture  of  the  Russian  progress  can  be  imagined  along 
the  following  lines > 

The  Russians  probably  were  familiar  with  the  plans  for  the  Canadian  hea^y 
water  pile.    The  captured  German  scientists  also  knew  of  plans  for  hea-Ty 
water  piles.    There  are  two  major  technical  difficulties  in  the  conatructlon 
of  auch  a  pile.     One  Is  the  fabrication  of  metallic  uranium.    This  the  Russians 
have  probably  learned  from  the  Germans,    The  other  is  the  production  of  great 
quantities  of  heavy  water.    There  are  several  ways  to  accomplish  this.  One 
of  the  best  techniques  Is  the  dlatillation  of  liquid  hydrogen.    The  necesaary 
low  temperature  technique  is  quite  well  developed  in  Russia.    The  Russiana 
may  therefore  have  had  a  pile  of  the  approximate  efficiency  of  the  Chalk 
River  pile  as  early  aa  1948  or  even  1947.    The  extraction  of  plutonium  from 
Buoh  a  pile  is  a  difficult  Job  but  can  be  more  easily  accomplished  if  the 
precautions  taken  for  protection  of  personnel  are  less  elaborate  than  those 
taken  in  this  country.     Such  precautions  are  and  muat  be  a  paramount  con- 
sideration in  our  country  but  the  same  is  not  the  case  in  Russia.     A  pile  of 
the  Chalk  River  type  working  steadily  at  50  megawatts  can  produce  material 
for  a  trinity  bomb  in  less  than  a  year.     It  can  produce  material  for  a  gun 
gadget  in  two  years.     It  is  quite  possible  that  the  Russians  have  made  a 
successful  implosion.     It  is  alao  poasible,  although  perhaps  somewhat  less 
likely,  thet  they  have  used  the  gun  aasembly  and  that  the  actual  nuclear 
explosion  was  performed  with  a  relatively  inefficient  gun  gadget. 

The  above  description  gives  the  Russians  credit  for  a  minimum  of  scientific 
and  technical  progreas.    Even  if  this  minimum  is  accepted,  further  Rusaian 
progress  can  be  anticipated  along  the  following  lines.    The  Russians  probably 
will  build  further  heavy  water  piles.     They  may  also  build  small  piles  work- 
ing with  some  of  the  plutonlum  which  the  heavy  water  piles  produce.  Theae 
alma  can  be  rapidly  accomplished  if  no  excessive  demands  are  made  with  res- 
pect to  high  flux,  resistance  of  materials  for  irradiation  or  with  respect 
to  breediag    properties.    The  Russian  rate  of  production  of  plutonlum  may 
equal  the  rate  cf  our  production  within  a  year  and  indeed  we  have  no  absolute 
assurance  that  our  production  hea  not  been  already  surpaased.     It  la  there- 
fore not  impossible  that  the  Russians  should  overtake  us  even  in  the  matter 
of  the  stockpile  which  Is  the  one  item  which  never  haa  been  neglected  in  the 
United  States. 


An  even  mere  dangeroua  situation  aeema  to  exist  with  respect  to  neutron  ex" 
cess.  This  neutron  excess  is  much  greater  for  hea^  water  piles  than  it  is 
for  graphite  piles  and  of  courae  even  greater  for  plutonlum  piles.  ^JflMkt 
is  reaaonable  to  assume  that  the  Russians  either  are  already  ah« 
this  respeot  or  will  be  ahead  of  us  in  the  near  future. 

The  number  of  available  excess  neutrons  is  of  decis 
war  time  applieatione  of  atomic  energy.   jTmong  the 
tritium  is  probably  the  most  important  since  tritiu 
portent  component  in  the  production  of  the  Super  Bom' 
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»•  firft  objeotlTes  would  be  to 


•tep  up  the  date  on  whloh  one  ean  hop«'to~pf»duoa  •  iuocetsful  booster. 

TUB  SCHgPUlEi 

If  the  Laboratory  can  marshall  the  necessary  support  froa  Washington  for  a 
really  Tlgorous  progran,  the  pvoblein  of  construction  and  detonating  of  a 
Super  might  be  attacked  with  the  sane  speed  with  lAich  similar  problems  were 
attacked  during  the  war.  I  realize  that  this  program  calls  for  an  all  out 
effort.  Bowerer,  I  de  not  be li ere  that  anything  less  than  such  an  all  out 
effort  would  be  eenmensurate  with  the  responsibility  which  this  Laboratory 
has  undertaken  with  respect  to  the  ultimate  safety  of  the  nation.  It  will 
be  essential  that  all  rombers  of  the  Laboratory  oontribute  fully  any  ideas 
they  may  hare  how  to  accomplish  the  technical  details  of  this  job. 
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THERMONUCLEAR  WEAPONS 
Period  19»*6  to  January  1950 


(Draft  Tersion  of  a  section  for  a  history  of 
technical  vork  at  Los  Alaaos  since  the  wa»j 


UNCLASSIFIED 


UNCLASSiriED 

(In  the  foUoving  section,  the  progress  of  vork  along  a  number  of 
specified  lines  will  be  traced  across  this  period,  end  eooe  of  the 
iteas  aerely  referred  to  in  the  present  listing  vill  be  discussed 
further.) 

May-SeptaBtber,  19^6:   All  the  individuals  engaged  on  the  studies 
and  calculations  discussed  st  the  Conference  -wind  up 
vork  undervay  at  that  time  and  prepare  final  reports, 
vith  the  exception  of  Landshoff ,  idio  reaslns  at  Lob 
Alamos  and  continues  studies  of  the  properties  of 
detonation  waves  in  pure  deuterium.    (Landshoff  re- 
nained  at  this  problem  until  summer,  19*^7*)   From  mid 
July  to  end  of  September,  Boyt  works  on  same  problem. 

September,  I9U6:  Teller  proposed  the  system  called  the  "Alarm 
Clock,"  and  Richtmyer  takes  up  problem  of  estimating 
performance. 

October,  I9U6:    Evans  takes  up  study  of  detonation  in  deuterium. 

Hovember,  19li6:    IA-610,  first  Alarm  Clock  report     issued  by 
Rlchtaiyer.    Report  contains  argumenta  of  feasibility 
in  principle^  and  rough  estimates  of  efficiency  and 
<l»«havior. 

Decesft>er,  19i»6*Januaxy,  19*^7:    Landshoff,  Nark  and  Richtmyer  make 
esttnatttB  (caibodled  in  UIB<^60)  for  use  of  deuterium 

(or  deuterium  and  tritium)  placed  close  to  the  core  in  a 
fission  bomb  test  to  check  predicted  features  of  thermo- 
nuclear burning.  CLASSIFIED 


OS. 


UNCLASCIFIED 


January -February,  l$k'Jt   Rlchtoyer  atarts  to  develop  an  Inproved 


theory  of  efficiency  of  AlariB  Clock.    Dlacusslon  vlth 
Teller  and  von  fieumann  of  poaalble  application  of  ad- 
vanced electronic  computing  eguipaent  (then  in  early 
^tage  of  deaign  at  Princeton)  to  Loa  Alamoa  problems. 


February -Marcb,  19)»7t    Studlea  of  equation  of  state  and  related 


problesa,  pertaining  to  thezsonuclear  aa  veil  aa  fiaalcn 
devices,  reactivated  at  Los  Alamos  as  H.  Mayer  Joins 
staff.    "Monte  Carlo"  nsttaod  of  ccDputatlon  proposed  by 
Ulam,  and  lAMS-^^l,  outlining  prescription  for  applica- 
tion of  method,  prepared  by  von  Heumann,  vlth  additional 
suggestions  by  Rlchtoyer. 


March-April,  19U7:    With  teller,  planned  program  for  aumner,  19^7, 


primary  objectives  being  to:    continue  studies  of  detona- 
tion in  deuterium  and  Alarm  Clock,  develop  Monte  Carlo 
method,  initiate  vork  on  obtaining  method  ot  calculation 
of  radiation  flow  in  exploding  f lesion  bomb,  study  the 
proposed  experiment  to  check  ideas  on  thermonuclear  burn- 
ing, and  prepare  status  report  <ui  thermonuclear  aystems. 
(Sbla  last  resulted  in  IA-6>»3»  September,  ISkli 


May-June,  ISklt    XA-636:    "Improved  Theory  of  the  Alarm  Clock," 


iMued  bgr  Rictatmyer.  1 

_  •  ^ 
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Jttl^y  19i»7:   Hordheim  Joined  Ricbtayer  1&  study  of  Alarm  Clock. 

August,  19'»7:    Efficiency  calculations  for  a  number  of  possible 
Alara  Clock  configurations  completed  vitb  the  scheme 
;  vorked  out  in  LA-636.    Landshoff  takes  up  vork  on 
■  radiation  flew  in  fission  bosb. 

Beptembor,  i9i»7:   Further  Alarm  Clock  exaaples  calculated  (lAMS-625). 
LA-6>»3^^^  issued.  ! 


(As  the  tbemonuclear 


principles  involved  in  the   Booster  vere  not  essentially 
different  from  those  embodied  in  IAMS-$60,  consideration 
of  the  Booster  soon  superseded  further  consideration  of 
the  LAMS-560  type  of  proposal.) 

October,  191^7:    Richtmyer  starts  to  plan  a  fully -detailed  machine 
calculation  of  the  course  of  a  fission  explosion.  (This 
turned  out  to  be  a  tvo  year  program,  and  the  first  ex* 
a^ple  vas  actually  calculated  only  early  in  19^  •) 

Oacember,  19>(7:    Work  started  separately  by  Landshoff  et  al.  on 
aimpler  and,  hopefully,  faster  fission  explosion  calcu- 
lation.   (Since  Richtmyer 'a  problem  came  to  be  known  as 


fcl 

^'''IA-6U3:    "On  the  Sevelofaient  of  Therxasnuclear  Boidbs."  (September  30,  19i»7.} 
Written  by:    E.  Teller;  Word  done  by:    7.  Evans,  F.  Hoyt,  R.  Landshoff, 
N.  Nayer,  L.  lordheiB,  R.  Richtmyer,  £.  Teller,  £.  Zadina. 
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"Hippo,"  tbe  vork  by  Landsboff  vas  known  as  "Baby 
Hippo.")  Preliminary  cooaideration  given  to  pre- 
paring •  dfCtailad  calculation  of  tbe  propagation 

■'s.  IK  burning  in  deuterium  for  handling  on  tbe  elec- 
ts *  . 

4(ronic  coBpoter  caqpected  to  be  ccavleted  at 
%  ^inceton  vithin  a  couple  xtf  years. 


January,  I9U8: 


(Frcm  January  through  April  a  considerable  amount  of 
effort  vas  required  in  connection  vitta  preparations 
for  the  Sandstone  tests  and  cozislderation  of  results.) 

February,  19ii6:    First  automatic  oacbine  calculation  of  Monte 

Carlo  type  prepared  for  handling  on  tbe  ENIAC.  (Monte 
Carlo  calculation  techniques  vere  expected  to  be  re- 
quired in  the  detailed  calculation  of  deuterium  burning, 
-  ii  «ell  aa  other  types  of  iprobleas.) 

March,  Bichtaiyer  (and  TOO  leuBann}  fntroduce  so-called 

^i||0coeity  treetaent"  at  shocks,  IA-671.  (This 
technique,  irtiich  vss  derised  to  meet  needs  srising  in 

connection  vith  Hippo,  reduced  the  problem  of  calculating 


UNCLASSIFIED 


UM  CLASSIFIED 

the  progress  of  shock  fronts  In  escplosion  (and  im- 
plosion) calculations  to  manageable  proportions  on 
autcQiatic  conputlng  machines,  end  vas  of  profound 
value  In  very  many  of  the  calculations  undertaken 
•ttbsequently . ) 

July,  ISh&i    Detailed  study  begun  of  behavior  of  a  Booster  system 
(considered  either  as  a  test  of  thermonuclear  principles 
or  a  possible  weapon).    Vbrk  begun  on  equation  of  state 
of  paraffin  (vanted  In  connection  vith  possible  experi- 
mental gadgets  to  test  ideas  in  the  thermonuclear  field). 

August,  19'^6:    Study  of  the  scattering  of  neutrons  by  light  elements 
to  obtain  data  required  In  connection  vith  various  calcu- 
lations (Booster,  hydrides,  and  deuterium  burning). 


September -October,  1948:  LA-7CA,( 


\ 


Also  IA-713,  "Further  Booster  Calculations." 


These  were  the  first  detailed  studies  relevant  to  the 
proposal  to  test  such  a  device  In  the  tests  then  scheduled 
for  19^1,^  \ 


Prcn  this  point  on,  the  planning 
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_  Thus,  at  the  end  of  1949.  the  stockpile 
stood  at  170  weapons  of  4.1 85  kt  cumula- 
tive vield.f—  


The  year  1949  was  critical  because  on 
September  23.  1949.  President  Truman  an- 
nounced to  the  nation  that  the  Soviet  Union 
had  detonated  an  atomic  bomb.  The  test  was 
actually  conducted  on  August  9,  1949.  As 
of  mid-January  1949.  we  had  121  nuclear- 
capable  aircraft:  66  B-29s,  38  B-50s,  and  17 
B-36S. 


( 


On  January  1.  1950,  we  had  225  nuclear^: 
capable  aircraft:  95  B-29s,  96  B-50s.  and 
34  B-36s.  As  of  July  I,  1950,  there  were 
264  nuclear-capable  aircraft,  breakdown  un- 
known. 

RANGER 


•^6  ^ 


Following  Sandstone  in  1948,  no  further 
tests  occurred  until  1951,  when  a  series  of 
five  tests  was  conducted  in  11  days  during 
January  and  February  in  Operation  Ranger 
at  the  Nevada  Proving  Ground  (NPG).  later 
renamed  the  Nevada  Test  Site  (NTS).V 


Poifc 


Because  of  the  short  time  available,  these' 
tests  could  not  be  conducted  overseas.  A 
portion  of  the  Las  Vegas  Bombing  and  Gun- 
nery Range  northwest  of  Las  Vegas.  Nevada, 
was  selected  for  the  tests.  Yields  had  to  be 
kept  small  because  of  possible  hazards  to  sur- 
rounding communities.  From  the  time  of  the 
concept  of  Operation  Ranger,  until  its  com- 
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'  Til  spite"  of  the  non-unique  nature  ot  the 
stockpile  description,  a  total  yield  of  49.951 
kt  with  an  average  yield  of  about  60  kt 
has  been_guoted  in  the  DOE  stockpile  tab- 


ulation. 


Do':- 


STOCKPILE  1952 


le  lightest  weignt  that  can  be  touna 
quoted  for  these  systems  either  as  a  bomb 
or  warhead  are,  8,170  lb  for  the  Mk-6,  2,405 
lb  for  the  Mk-5,  887  lb  for  the  Mk-7,  and 
only  650  lb  for  the  Mk-12,  which  had  not  en- 
tered the  stockpile.  Nonetheless,  a  threshold 
had  been  crossed  in  1952  with  the  availabil- 
ity of  lighter-weight  systems,  thereby  broad- 
ening the  spectrum  of  possible  delivery  vehi- 
cles^  


22 
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History  of  the  Hk  48  Shell 

The  predecessor  of  the  Mk  48  Shell  was  the  Mk  33,  an  S-lneh-dlaneter,  artillery-, 
fired  atomic  projectile.   While  this  latter  shell  vas  still  being  designed,  the 
Under  Secretary  of  the  Amy  wrote  to  the  United  States  Atomic  Energy  Commission, 
April  28,  1954,  expressing  interest  in  the  possibility  of  developing  an  even 
smaller  diameter  projectile  with  a  very  low  yield,  and  a  broad  study  vas  subse- 
quently authorised  by  the  Secretary  of  Defense  May  14.,  1954. 

\ 

The  Intent  of  this  study  was  to  investigate  the  possibility  of  using  implosion 
techniques  in  an  atomic  artillery  shell,  rather  than  the  gun  method  used  in  pre- 
vious shell  designs,  but  the  state  of  the  art  vas  not  sufficiently  well  advanced. 
Much  HorV  was,  however,  accomplished  in  the  ensuing  12  months  by  the  University  . 
of  California  Radiation  Laboratory  and  resulted  in  a  request  from  the  Secretary 
of  Defense  to  the  Atomic  Energy  Commission,  April  4,  1955,  for  a  feasibility  _^ 
study  of  an  8-inch  shell  having  advanced  nuclear  techniques  ^'^'^^^ 


(b)(3) 


UNCLASSIFIED 


CLASSIFIED 
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4/28/54 
5/14/54 
U/U/5S 

(b)(1),  (b)(3) 


Timetable  of  Mk  48  Events 

Army  expresses  Interest  In  development  of  smsll  low-yield  projectile. 

Secretary  of  Defense  authorizes  study  of  Implosion-type  projectile. 

Work  by  the  Onlverslty  of- California  Radiation  Laboratory  results 
in  request  by  the  Secretary  of  Defense  for  a  feasibility  study  of 
an  8-lnch  Implosion  shell. 


9/20/56 

7/12/57 

5/14/58 

(b)(1).  (b)(3) 


Assistant  Secretary  of  Defense  requests  United  States  Atomic 
Energy  Commiaaion  to  concentrate  on  atomic  artillery  shells  of 
155nm  (6.1  inches)  diameter. 

Assistant  Secretary  of  Defense  requests  that  155nm  atomic  Implosion 
project  11  a  be  d«vd.opad. 

Developmental  guidelines  between  Atomic  Energy  Commission  and 
Department  of  Defense  for  development  of  155mm  shell  Issued. 


8/4/59 

11/6/59 

(b)(1).  (b)(3) 


unitary  characteristics  approved  by  the  Military  Liaison  Connittee. 
Sandla  forwards  development  program  definition  to  AEC. 


CLASSIFIED 
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3/23/60  Military  Lialsdn  Connnittee  suspends  higher  yield  requirement. 

1/63  Mk  48  Mod  0  Shell  design  released. 

10/26/63  Early  production  of  Mk  48  Mod  0  Shells. 

5/64  .  Final  development  report  approved  and  published. 


J 


UNCLASSIFIED 
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Other  components  included  a  corona  regulator  tube,  ceramic  spark  gap,  and  an 

Inertlal  or  setback  switch.    If  the  tube  could  not  be ^designed  to  resist  firing 

shock,  other  methods  b£  regulation  wer«  available  that  could-  meet  requirements 

of  small  size,  rugged  construction,  and  dependable  operation.    An  extensive 

reliability  study  of  the  spark  gap  would  have  to  be  made.    Due  to  experience 

gained  on  other  designs.  It  was  felt  that  the  setback  switch  would  Impose  no 
13 

particular  problems. 

The  Army  informed  Sandia  July  16,  1958  that,,  as  the  caliber  of  th^  implosion 
shell  decreased,  the  magnitude  of  the  associated  engineering  problems  Increased. 

-  It  was  therefore  suggested  that  detailed  consideration  be  limited  to  the  design 
of  a  shell  with  a  mlnlnum  diameter  of  155nm.    It  was  recommended  that  develop- 
ment engineering  be  authorized  for "a  shell  for  the  ISSimi  howitzer  and  the  175nm 
gun,  but  that  general  small-caliber  research  be  continued. 

(b)(1),  (b)(3) 
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In  early  1959,  reports  were  received  that  the  Army  was  planning  to  cancel 
requirements  for  the  XW-48.    Subsequently,  however,  the  Division  of  Military 
Application,  in  a  letter  dated  Apfil  16,  1959,  noted  that  the  Army  had  again 
reviewed  the  program  and  decided  that  development  work  should  continue.  The 
Ordnance  Department  had  been  directed  to  provide  the  Arny  portion  of  the  shell 
by  July  1962.    It  was  noted  that  XH-48  military  characteristics  were  being 
coordinated  and  would  be  released  in  the  near  future. 

Sandia  presented  a  report  on  the  XW-48  firing  aet  to  the  May  15,  ^959  meeting 
of  the  Oak  Comnlctee.    The  design  was  a  ferromagnetic  transducer  typCj  and 
formed  a  right  cyliader  3.5  Inches  in  diameter  and  1.7  inches  high.    Tests  bad 
been  successful,  and  most  design  problems  had  been  solved.  ^^^^^^ 


The  military  characteristics  were  approved. by  the  Military  Liaison  Comnlttee 
August  4,  1959,  and  forwarded  to  Albuquerque  Operations  Office.    The  Division 
of  Military  Application,  in  the  trsnsnlttal  letter,  requested  notification  if 
any  of  the  requirements  could  not  be  net  or  were  objectionable  from  the  stand- 
point of  sound  design  engineering.  ^^^^^^ 

An  estimate  was  requested  of  the  maximum  yield  that  could  be  expected  if  no 

18 

further  nuclear  tests  were  conducted. 

At  this  tine  the  length  of  the  projectile  was  Increased  2  inches  to  create 

a  higher  polar  moment  of  inertia.    This  provided  the  shell  with  improved 

ballistic  characteristics,  but  increased  the  weight  to  120  pounds  and 

19 

.reduced  the  range  to  14,000  meters  or  about  8.5  miles. 

Sandia  forwarded  the  XW-48  development  program  definition  to  Albuquerque  Opera- 
tions Office  November  6,  1959. 


UNCLASSIFIED 
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subsequently  approved  and  published  in  May  1964.  ^^^^ 

It  was  integrated  with  i 
number  of  components  supplied  by  the  Department  of  the  ktmy  to  form  the  XH454, 
an  artillery-fired  atomic  projectile  designed  to  be  fired  from  ISSom  howitzers 
equipped  with  either  MlAl  or  T258  tubes.    The  maxlnum  range  of  the  projectile 
was  14,000  meters,  or  8.5  miles.    The  minimum  £u«e-setting  range  was  1650  meters, 
or  about  1  mile,  which  provided  safe  distance  from  nuclear  detonation.  The 
projectile  was  155nan  (6.1  inches)  in  diameter,  34  inches  (5.57.  calibers)  long, 

and  weighed  120  pounds.  \ 

(b)(1),  (b)(3) 


UNCLASSIFIED 


UNCLASSIFIED 
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History  of  the  Mlc  5^  Weapon 


FALCON  and  DAVY  CROCKETT  Warhead  Application 

(b)(1),  (b)(3) 


TEe' 


FALCON  or  GAR-11  was  an  air-to-air  missile  being  engineered  by  the  Hughes 
Aircraft  Gonrpany  for  the  Air  Force.    The  DAVY  GHOCKEIT  «as  a  ground-to- 
ground  system  designed  to  fire  a  projectile  frcai  a  recoilless  rifle  and  was 
being  developed  by  the  Army. 


(b)(1).  (b)(3) 


~TE"was  felt  that  the  warhead  would  be  compatible  ■vjxth  the 
DAVY  CROCKETT  system  and  be  able  to  withstand  this  acceleration  produced  by 
the  recoilless  rifle.  . 


(b)(1),  (b)(3) 


It  was 


felt  that  production  FALCXDN  warhead5-,itti^t  ,b.g;^qil^le  by  February  1961. 


w 
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Tlmetaible  of  Mk  3^  Events 


FALCON  and  DAVY  CROCKETT  Warhead  Application 

1958  Interest  develops  in  lightweiglit,  low-yield  warheads  for  applica- 

tion to  FALCON  air-to-air  missile  and  DAVY  CRQCKETT  eround-to- 
ground  recoilless  rifle. 


(b)(1).  (b)(3) 


1/15/59      Division  of  Military  Application  trans fejjlnuclejur  part  of  the  . 
project  to  Los  Alaraos.    XW-51  Warhead  renamed  the  XW-5^. 

10/21/59     Proposed  ordnance  characteristics  of  the  XW-5lt  Warhead  presented 
to-  Special  Weapons  Develofoent  Board  and  accepted^ 

12/59         Mc  5lf  Mod  0  Warhead  (FALCQK  Application)  design  released. 

V15/60      Mk  5^  Mod  1  Warhead  design  released.    This  -warhead  contained  no 
environmental  sensing  device  and  was  canceled  before  production. 

11/60       .  Mk  5^  Mod  2  (DAVI  CRXKm  Apoplication)  design  re^^ 
k/2B/6l.     Early  production  of  Mk  5^  Mod  0  and  Mod  2  Warheads,  •. 


Special  Atomic  Demolition  Munition  (SifflM) 


2/20/58 


Assistant  Secretary  of  Defense  notifies  United  States  Atomic 
Energy  Canmisslon  that  Army  has  requested  feasibility  study  of  an 


(b)(1).  (b)(3) 


11/10/59     Sandia  proposes  SADM  design  to  Dlvislm  of  Military  Application. 

k/7/60        Assistant  Secretary  of  Defense  requests  Atomic  Energy  Commission 
to  develop  an, SADM. 

7/26/60      Military  characteristics  for  SADM  approved  by  Military  Liaison 
Cctamittee. 

9/5/61        Military  characteristics  amended  to  require  unde|h*a.ter  pressure 
case. 


"Pv 


HS  3  W35 


Mid-1962'    Timer  development  problems  cause  schedule  delays. 

(b)(1),  (b)(3) 

V63  .         Mk  5**  Mod  1  SADH  design  released.  ;-- 
8/64     .      Mk  54  Mod  1  SADM  enters  stoclspile. 
6/65  Mk  54  Mod  2  SADM  enters  stockpile. 
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Instruraentation  errors  were  discovered  on  two  flights,  and  aircraTt  troubles 
developed  on  two  others,  but  the  rest  of  the  tests  were  con^letely  successful. 

Report  SCUSsa (WD ),  Final  Develoiment  Report  for  the  Mk  5**  Warhead  Systems, 
was  accepted  by  the  Design  Review  and  Acceptance  Group  December  ik,  1961  and 
forwarded  to  the  Division  of  Military  ApplicaticHx  February  19»  1962.  Ehe 
report  noted  that  the  warhead,  was  10.862  inches  in  diameter,  15-716  inches 
long,  and  veiled  about  50. 9  pounds.    The  design  included  a  motor-driren 
chopper-converter  systaa  and  contained  no .  power  supply. 


26 


(b)(1).  (b)(3) 


The  electric  system  consisted  of  a  firing  set  and  detonator  assemblies.  .  This 
system  was  a  standard  chopper-converter  design  largaly  using  off-the-shelf 
cciaponents.  .  It  contained  no  power  source,  no  one-$hot  devices^,  and  no.  conpo- 
nents  requiring  field  monitoring,  although  the  environmentjEa  sensing  devices 
could  be  monitored. 


(b)(1),  (b)(3) 


These  cqmponents  were  interconnected  by  printed  wiring,  and 
the  entire  assenbly  was  encapsulated  in  foamed  plastic  in  a  fiberglass 
housing. 

Since  the  fiberglass  housing  vas  electrically  noncondnctive,  it  was  coated 
with  a  conductive  lacquer  to  providia  an:  electrostatic  shield  from  waiiiead 
connector  to  rear  cap.    This  coating  was  requested  by  the  Department  of  De- 
fense due  to  the  jsusceptibility  of  the  fuze  to  radiated  electrical  noise  gen- 
erated by  the  firing  set.    A  connector  cover  iand  seal  were  installed  on  the 


UNCLASSIFIED 


warhead  connector  after  the  firiiig  set  was  assembled  to  the  rear  cap  of  the 
warhead  case. 


(b)(3) 


Envircanentai  sensing  devices 
were  placed  In  the  input,  lines  to  the  converter  transformer,  and  these  de- 
vices remained  open  during,  warhead  storage  and  handling^-  and  closed  during  a 
launch  environment . 

In  the  Mk  S'v  Mod  0  Warhead  for  the  FALCWN  «®plication,  the  warhead  was  in- 
stalled, in  the  missile  section  with  its  longitudinal  axis  offset  about  l/8. 
inch  to  allow  rooa  for  missile  cabling.    The  FALCOH  was  an  air-to-air,  serai- 
active  radar  hoirujig  missile,  designed  to  be  launched  from  F-102A  aircraft. 
The  missile  diameter  was  ll.l^  inches,  length  85  inches,  wingspen  Zk.^  inches, 
and  weight  26 0  pounds  at  launch  and  200  pounds  after  motor  bxirnout.    The  roc- 
kst  motor  produced  a  total  impulse  of  about  12,900  pound- seconds,  which  ap- 
plied an  acceleration  of  20  to  AO  g's  to  the  missile,  depending  on  launch 
conditions.    After  roclset-iaotor  burnout,  the  missile  tracked  the  target  on  a 
collision  course.    The  guidance  system  homed  the  missile  on  a  target  that  was 


GLASSIFIEP 
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either  radar- illtaainated  by  the  launch  aircrstft  or  by  electronic  counter- 
measures  emitted  by  the  target. 

The  missile  had  a  proximity  fuze  with  an  operating  radius  of  about  100  feet 
for-  a  l*0-square-foot  target.    The  antenna  pattern  was  in  a  plane  perpendicular 
to  the  longitudinal  axis  of  the  missile..    The  output  <rf  the  proximity  fuze 
was  connected  to  the  fuze  relay  through  a  saf ing  aiid  axmiziR  device . 


(b)(3) 


The  warhead  power  source  in  the  fuze  consisted  of  Inro  28-volt  thermal' 
batteries.    The  batteries  were  initiated  about  .  0.5  seaald  prior  to  launch  and 
came  up  to.  voltage  about  1  secmd  after  initiation.    Bo^tery  output  was  ap- 
plied to  the  warhead  .throu^  the.safing.  and  arming  djevic&  at  arm  time.    This  . 
device  was  a  switching  mechanism  that  provided  warhead  arming  by  connecting 
the  power  supply  to  the  warhead  coxmector  and  preparing  the  warhead  for  fir- 
ing by  connecting  the  proximity  fuze  to  the  fuze  relay.   This  latter  device 
provided  switch  closure  between  firing  capacitors  and  pulse  transformers  of. 
the  firing  set..'  .... 

The  saf  ing  and  arming  device  was  latched  in  the  SAFE .  position  until  about  1.5 
seconds  prior  to  launch.    The  mechanism  had  two  sets  of  cam-operated  contacts. 
One  set,  which  wais  normally  open,  armed  the  warhead,  and  the  other  set,  whixix 
was.  normally  closed,  disabled  the  warhead  after  guided  fligjit  in  the  event  of 
a  miss.    Both-  sets  were  conaaitted  during  launch  acceleration  after  an  envi- 
ronment of  about  l4  g-seconds. 

During  the  drag  phase  of  deceleration,  a  spring  force  developed  during  .accel- 
eration drove  the  switches  to  the  ARM  and  DISABLE  positions  through  escape- 
ment timers.    The  esciapement  time  depended  on  the  sprang  force  developed  dur- 
ing acceleration  and  on  the  deceleration  experienced  Ihgc  the.  missile  after 
mptor.burnout ,..  (b)(i),  (b)(3) 


UNCLASSIFIED 
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(b)(1).  (b)(3) 

The  am  contacts  were  spaced  to  provide  warhead  power  0.3  to  0.5 
second  prior  to  connecting  the  fuze  relay  to  the  proxLaiity  fuze. 

(b)(1),  (b)(3) 

3!he      3^  Kod  2  Warhisad  was  designed  for  the  DAVY  CROCKETIi  the  Axmy's  Battle 
Grcftip  Atomic  Delivery  ^st^w    There  were  two  DAVX  CROCKETT  systems;  the  . 
XU28,  a  lightweight,  three-man  portable  system  using  a  12Qna  recoiUess  rifle 
with  a  range  of  350  to  2000  meters;  and  the  XM29»  a  vehicle-transported  sys- 
tem using  a  155nm  recoilless  rifle  with  a- range  frraa  350  to  kOOO  meters, 
Eadi  system,  fired  an  XM388  projectile. 

The  XM388  projectile  included  the  warhead,  rear  body  and  fin  assembly,  and 
fiberglass  windshield.    The  projectile  had,  a  diameter  of  11  inches,  length  of 
30  Inchea,  and  weight  of  76  pounds.- 

(b)(3) 

A  manually  operated  -jaBBTsafe-  •  " 
switch  interrupted  the  power  supply  to  the  waxhead  Khen  in  the  SAFE  position. 
The  fuze  incorporated  a  mechanical .  timer  td  set  the  time  of  flight  and  to 
provide  safe-separation  distance..   The  fuze  contained  themal  batteries  acti- 
vated at  missile  launch  to  supply  power  to  the  warhead  and  sqjxib  switches  to 
close  warhead  firing  circuits. 


(b)(1).  (bK3) 

At  launch,  the  fuze  timer  mechanism  and  the  inertia!  switches 
in  the  warhead  were  actuated.    Concurrently,  the  28- volt  thermal  batteries  in 
the  fuze  were  activated,,  and  this  acfcim  started  chopper  motors  in  the  firing 
set.    iThen  the  preset  time  was  reached,  four  sets  of  switches  in  the  timer 
mechanism  closed.    Closure  of  two  sets  of  these  switches  armed  the  warhead 
).     and  initiated  the  X-unit  thermal  batteries.    Closure  of  the  other  two  sets  of 
switches-T:cmected  .the-X-ml-t--thermal-  -b^^ 
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the  selected  burst  height,  a  set  of  squib  switches  closed  and  triggered  the 
firing  set. 


Special  Atomic  Demolition  Munition 

The  Assistant  Secretary  of  Defense  notified, the  United  States  Atondc  Energy 

Conanission,  February  20,  1958,  that  the  Army  had  recently  evaluated  atomic 

demolition  devices.    There  was  a  requirement,  for  a  small  iand  light  munition 

that  could  be  carried  by  one  man.    This  project,  which  had  been  initially 

called  the  Tactical  Atomic  Demolition  ^^unition,  would  be  known  as  the  Special 

27 

Atomic  Demolition  Munition  (SADM),  and  a  feasibility  study  was  authorized. 


i 
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The  project  was  delayed  ^-rtille  attention  was  being  given-  to  the  design  of  the 
Hai-^k  Warhead  for  FALCON  and  DAVY  CEOCKETT  applications,  although  Saridia  in- 
formed Albuquerque  Operations  Office,  April  23,  1959,  that  the  could  be 

6 

considered  for  SADM  application. 

Sandia  forwarded  a  proposal  for  a  nuclear  demolition  munition  to  the  Division 
of  Military  Application  November  10,  1959.  A  modified  3W- 5^  Warhead  was  pro- 
posed, containing  an  integral  fuze  compactly  paclcaged  in  a  lightweight  sealed 
waterproof  housiiig,  and  it  was  suggested  that  the  entire  munition  be  procured 
and  fabricated  by  the  Atomic  Energy  Coramission.  The  design  would  provide  a 
rugged  munition  small  enough  for  covert  missions  and  capable  of  being  rapidly 

prepared  for  firing  under  conditions  of  high  operational  stress  where  time 

"^0 

was  critical.       It  was  noted  that  the  only  existing  munition  that  approachea 
these  requirements  \Tas  the  T-h,  an  adaptation  of  the  Mk  9  gun-type  weapon. 
However,  the  T~h  was  packaged  in  f our  Uo-poand  sections  and  required  foiir  men 
for  delivery*    It  was  felt  that  an  3CW-5lf  SADM  would  have  a,  diameter  of  11-7/8 
inches,  length  of  17-1/2  inches,  and  wei^t  of  56  pounds  including  carrying 
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History  of  the  Mk  56  Warhead 

The  Mk  56  was  a  program  to  provide  a  thermonuclear  warhead  for  Weapon  System 
WS-133A,  whose  vehicle  was  a  three-stage,  sol Id-propellant,  Intercontinental 
ballistic  missile  called  MINUTEMAN,  designed  and  manufactured  by  Boeing  Alr- 
plane. Company,  for  the  United  States  Air  Force. 

the  MINUTEM^N  missile  was  a  second-generation  system  with  more  advanced  char- 
acteristics than  ATLAS  and  TITAN.    A  study  group  had  suggested  in  1956  that- 
improvements  could  be  made  through  the  use  of  soLid-propellant  engines,  which 
would  reduce  missile  size,  ground  support  equipment,  numbers  of  operating 
personnel,  and  would  increase  missile  readiness . 

(b)(1),  (b)(3) 


The  MINUTEHAH  would  be  about  5-1/2  feet  in  diameter,  57  feet  long,  and  weigh 
65,000  pounds.    It  would  be^ launched  vertically  from  an  utunanned,  underground 
silo-type  launcher,  and  missile  stability  provided  by  eoatrolllng  the  rocket 
nozzle  direction. 


(b)(1).  (b)(3) 


'Development  of  tfee  missile  was  approved 
by  the. Department  of  Defense  February  28,  1958,  ai»d  a  study  was  released 
March  11,  1958.  ; 

This  study  indicated  that  two  sizes  of  re-entiry  vehlclei:  <and  nuclear  warheads) 
would  be  needed  to  achUye  operatibnal  flexibility,  and  the  Ass.istant  Secretary 
of  Defense,  April  4,  .1958,  requested  the  Uhited  States  Atomic  Energy  Commission 
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to  cooperate  with  the  Department  of  Defense  and  the  Air  Force  in  a  feasibility 
study  of  two  MINUTEMAN  warheads,  one  weighing  in  the  neighborhood  of  330  and 
the  other  550  pounds.     It  was  noted  that  these  warheads  would  be  required  in 
large  quantities.    It  was  requested  that  the  yields  be  the  maximum  achievable 
: in  the  weights  specified  and  that  the  systems  have  an  operational  deployment 
date  of  raid-1962.^ 

"The  feasibility  study  group  met  May  5,  1958  and,  having  been  requested  to 

quickly  complete  the  task,  finished  the  study  in  one  day.    It  was  felt  that 

the  lighter  device  could  be  developed  as  a  modification  of  the  Mk  50  NIKE  : 

ZEUS  warhead  of  the  Los  Alamos  Scientific  Laboratory  and  that  a  heavier 

design  could  be  provided  by  partial  rework  of  the  XW-47  POLARIS  warhead  of 

the  University  of  California  Radiation  Laboratory.    There  appeared  to  be  no 

unusual  Interprogram  effects  concerning  application  of  either  design  to  the 

MINUTEMAN  missile,  and  it  was  felt  that  the  operatianal-  deployment  date  could 
2 

be  met. 

Little  action  was  taken  during  much  of  ,1958,  due  to  lack  of  MINUTEMAN  funding.. 


(b)(1).  (b)(3) 


Results  of  this  second  feasibility  Study  wete  published  March  2,.  1959. .  .It  was 
reported  that  the  weight  of  the  3W-47  could  be  reduced j  and  that  several  other 
Raidiacion. Laboratory  designs  could  be  considered  for  an  operational  availability 
date  of  mid-1963.    It  was  noted. that  the  United  States  had  suspended  nuclear 
testing  October  31,  1958  and,  as  a  result,  heavy  emphasis  was  placed  on. designs 
that  could  be  certified  without  full-scale  test. 


The  Air  Force  Special  Weapons  Center  sent  a  teletype  to  Saindia  March  15,  1959, 
noting  that  the  Air  Staff  was  considering  possible  acceleration  of  the  MINUTEMAN 
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motor.  The  transformer  secondary  was  connected  to  storage  capacitor  and  neutron 
generators  through  a  voltage  regulator . 

(b)(3) 

The  warhead  could  be  detonated  by  either  air-burst  or  surface-burst  signal. 

The  signal  was  produced  by  the  arming/fuEing  system  and  operated  a  puncture 

switch,  which  discharged  the  storage  capacitors  through  the  warhead  detonators. 

Output  from  this  puncture  switch  also  actuated  the  neutron  generators,  assuring 

.42 

an  ample  supply  of  neutrons  at  nuclear  detonation  time. 


(b)(1),  (b)(3) 
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TRACING  THE  ORIGINS  OF  THE 
W76: 1966-SPRING 1973 

by 

Betty  L.  Perkins 
ABSTRACT  (SRD) 


The  objective  in  writing  this  report  was  to  place  the  development  of  the  W76, 
before  it  entered  Phase  3,  in  a  historical  perspective.  The  author  has  rather 
arbitrarily  chosen  to  consider  for  this  pre-Phase  3  history,  the  history  of  the 
weapon  program  at  Los  Alamos  during  the  years  1966-May  1973. 

The  report  tries  to  provide  some  understanding  as  to  why,  in  the  spring  of 
1973,  the  Los  Alamos  Scientific  Laboratory  received  the  Phase  3  assignment  and 
why  the  assignment  was  inq)ortant  to  the  fiiiture  of  Los  Alamos.  In  addition,  the 
report  provides  insight  into  why  historically  the  design  of  the  W76  evolved  as  it 
did. 

Chapter  I  provides  general  informaticxi  including  the  organization  of  the 
Laboratory  during  the  time-period  of  interest  and  the  definition  of  what  is 
included  in  the  different  phases  in  weapon  development.  _ 

Chapter  n  discusses  the  work  on  primary  desi^ 
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CHAPTER  I.  INTRODUCTION 
A.  Explanation 

1.  Assignment 

The  assignment  given  to  the  author  was  to  outline  the  history  of  the  development  of  the 
W76  warhead  (presently  carried  on  both  the  Navy's  Trident  C4  and  D5  submarine-launched 
ballistic  missiles).  Because  the  Los  Alamos  Scientific  Laboratory  [LASL]  received  the  Phase  3 
assignment  for  this  warhead  in  the  spring  of  1973,  it  would  be  reasonable  to  assume  that  a 
history  of  the  W76  would  cover  only  the  period  from  die  Phase  3  assignment  until  the  initial 
operational  capability  of  the  W76  was  achieved  in  October  1979  (Poseidon  back-fit).  But  history 
is  continuous.  What  happens  at  one  point  in  time  is  dependent  upon  what  happened  earlier. 

In  order  to  set  the  development  of  the  W76  in  the  necessary  perspective,  give  some 
understanding  as  to  why  in  the  spring  of  1973  LASL  received  the  Phase  3  assignment  and  why 
the  assignment  was  important  to  the  future  of  Los  Alamos,  and  indicate  several  reasons  why  the 
design  of  this  device  evolved  as  it  did,  a  history  of  work  prior  to  1973  is  required.  The  author  has 
rather  arbitrarily  chosen  to  consider  for  this  history,  the  history  of  the  weapons  program  at  • 
Los  Alamos  during  the  years  1966-May  1973.  (However,  to  give  continuity,  some  aspects  of  the 
program  are  also  described  for  work  completed  before  1966.)  This  pre-Phase  3  effort  at 
Los  Alamos  is  the  focus  of  this  report. 

However,  the  author  must  insert  a  warning  to  the  reader.  It  must  be  noted  that  to  further 
increase  the  complexity  that  is  history,  it  is  almost  impossible  to  identify  all  the  factors  that  go 
into  determining  actions  during  a  specific  era.  In  addition,  the  description  of  an  event  is 
dependent  upon  the  available  "data  set"  of  historical  documents.  Moreover,  how  an  event  is 
described  in  a  point  in  time  is  dependent  on  what  happens  later  and  on  our  own  personal 
experiences,  knowledge,  and  "mindset."  Thus,  no  history  can  be  completely  objective, 

2.  Overview 

Before  the  award  of  the  design  effort  for  the  W76  to  Los  Alamos,  the  U.S.  nuclear  weapon 
designers  had  been  required — by  the  introduction  of  MIRVed  (Multiple  Independently  Targeted 
Reentry  Vehicle)  missiles  into  the  U.S.  weapon  arsenal — to  develop  lightweight/smaU  warheads 
for  use  in  the  missiles'  reentry  vehicles. 

/ 
/ 
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Chapter  IV  will  briefly  describe  the  early  development  effort  for  several  of  the  materials 

that  would  be  imnnrtant  in  the.  W7fi  profiram. 

  (b)(3) 

Th^iengineenng  status  of  several  ancillary  components  such  as  detonators  and  gas  supply 
systems  will  be  reported.  Chapter  IV  will  also  note  the  vulnerability  tests  relevant  to  the  LASL 
XW76  weapon  program. 

Chapter  V  will  outline  and  briefly  discuss  the  history  of  the  weapon  systems  assigned  to 
Los  Alamos  as  Phase  3  programs  during  the  1966-1972  period.  In  addition,  mention  will  be 
made  of  Phase  1  and  2  programs  and  early  development  programs  under  consideration  during 
those  years.  This  chapter  will  attempt  to  inform  the  reader  as  to  the  extensive  effort  that  was 
required.  However,  as  Chapter  V  will  also  describe,  the  Los  Alamos  weapon  teams  failed  during 
1966-1972  to  win  a  viable  Phase  3  assignment  to  develop  a  warhead  for  a  strategic  missile 
weapon  system.  The  W62  for  the  Minuteman  HI  with  a  Phase  3  of  1964  went  to  Livermore. 
The  W68  for  the  Navy's  Poseidon  submarine  with  a  Phase  3  of  1966  also  went  to  Livermore. 
EarUer,  the  W56  (the  warhead  for  the  Minuteman  I,  II)  and  the  W58  (the  warhead  for  the  Navy's 
Polaris)  had  also  gone  to  Livermore.  The  Chapter  will  also  note  some  trends  in  the  U.S.  nuclear 
stockpile  that  were  important  for  the  weapon  programs  at  the  Livermore,  Sandia,  and 
Los  Alamos  laboratories. 

Although  the  program  was  finally  cancel&d,  of  particular  importance  to  the  later  W76 
development  was  the  Mk  18  program.  This  program  will  be  covered  in  some  detail  in 
Chapter  VI.  The  Navy's  Mk  400  program  was  the  precursor  program  to  the  W76.  The  history  of 
the  Mk  400  pioffram  wUl  also  he  oodiued  io  Chaptar  VJ.  Ibis  chapter  wiO  ^Sscass  the  \itai 
question:  who  would  win  the  Phase  3  for  the  Mk  400  (XW76)  Los  Alamos  or  Livermore? 

B.   Los  Alamos  Scientific  Laboratory  Management  Structure  and  Philosophy 

1.    Norris  Bradbury 

Norris  Bradbury  served  as  the  director  of  the  Laboratory  at  Los  Alamos  firam  October  1945 
until  September  1970.  When  he  accepted  this  job  and  became  director  in  October  1945  just  after 
the  end  of  WWn,  he  promised  that  he  would  serve  for  six  months.  But  the  six  months  of  service 
stretched  into  twenty-five  years. 

In  a  January  1967  letter  to  Charles  Winter,  Deputy  Director  of  the  Division  of  Military 
Application,  Bradbury  described  the  Laboratory,  "Los  Alamos  is  organized  on  a  facility  and 
technology  basis;  LSL  is  organized  more  on  a  project  basis."  Bradbury  also  noted,  "Internally  in 
the  Laboratory,  the  weapon  program  is  steered  by  a  committee  chaired  by  the  Laboratory 
Director  and  comprised  of  Assistant  Directors  and  relevant  Division  Leaders.  Basic  decisions  are 
made  by  this  group,  the  m^bers  of  which  carry  the  authority  within  their  respective  areas  of 
responsibility  to  implement  them.  More  detailed  discussions  and  decisions  within  the  framework 
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a.    Military  Requirements  for  Small,  Lightweight  Warheads 

As  noted  previously,  in  the  mid-1960s  the  Los  Alamos  design  group  had  begun  work  on 
10-inch  diameter  or  less  primariej^ 

(b)(3) 

The  reason  for  this  great  interest  on  the  part  of  the  design  laboratories  in  the  10-inch  and 
less  diameter  was  the  fact  that  the  Military  was  pushing  for  small,  lightweight  systems^  By  this 
period,  the  missile/guidance/nose-cone  establishment  in  the  United  States  had  developed  their 
systems  to  where  it  appeared  that  it  would  be  possible  to  put  several  warheads  on  one 
intercontinental  ballistic  missile  (ICBM),  deploy  the  missile,  and  have  each  of  the  warheads  hit  a 
different  target.  This  concept  is  referred  to  as  use  of  multiple  mdependent  reentry  vehicles 
(MIRV).  It  was  feh  at  that  time  that  the  USSR  was  also  going  into  these  types  of  systems. 
Because  a  warhead  is  much  less  costly  than  a  missile,  the  Military  wanted  to  pack  as  many 
warheads  as  possible  into  each  missile.  This  desire  for  as  many  warheads  as  possible  on  one 
missile  pushed  the  nuclear  weapon  groups  to  achieve  as  small  as  possible  in  terms  of  diameter. 
Moreover,  the  Military  wanted  as  long  a  range  as  possible  for  each  missile;  this  requirement 
pushed  the  weapon  groups  to  try  and  design  minimum-weight  warheads. 

A  request  for  multiple-carriage  capability  for  the  forthcoming  improv^  Minuteman  system 
was  formalized  in  a  January  1963  revision  to  the  Phase  1  study.  Three  reentry  vehicles  were  to 
be  carried  in  this  system— designated  the  Mk  12  (L).  On  February  12, 1964,  Phase  3 
authorization  was  given  for  the  Mk  12  (L).  Livermore  and  Sandia  Corporation,  Livermore,  were 
to  receive  the  assignment  (the  warhead  would  carry  the  designation  XW62).  In  November  1S>64, 
the  Military  Characteristics  were  amended  to  provide  a  warhead  "compatible  with  a  MIRV 
appUcation  on  ^£j^fiaQ£edMnuteman  missile  system."^^ 


(b)(3) 

JOn  August  31,1 964.  in  a  letter  to 
AEC  Chairman,  Glenn  Seaborg,  Harold  Brown,  Director  oif  Defense  Research  and  Engineering, 
formally  proposed  the  lightweight  warhead  program.  Later,  a  paper  tided  "MIRV  on  Minuteman 


''Betty  L.  Perkins,  'Tracing  the  Origins  of  the  Modem  Primary:  1 952- 1970  (U),"  Los  Alamos  National  Laboratoiy 
report  LA-13755-H  (SRD)  (April  2,  2001),  pp.  Xn-7-Xn-14. 
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3.    Reservoir  Designs  to  Provide  Minimum  Helium  in  the  Boost  Gas 

In  a  March  1969  memo,  primary  designer  R.  Canada  outlined  the  problems  that  were  the 
result  of  the  formation  of  ^He  from  the  decay  of  the  tritium  UR«rt  in  the  primary's  boost  gas. 

(b)(3) 

The  yieia"6t  a  bfliOSlea^rimary  is  degraded  as  U^OUUi  is  uuuveil53 
to  "He  both  by  the  loss  of  tBS^ource  of  14-MeV  neutrons  and  also  by  the  decrease  of  the  pre- 
boost  multiplication  rate  caused  by  the  high  cross-section  for  neutron  capture  which  is 
characteristic  of  'He."  He  went  on  to  add,  "In  a  conventional  boosted  single-stage  device  the 
tritium  produced  by  ^He  appears  too  late  in  the  bomb's  explosion  to  contribute  to  the  yield,  and 
the  temperature  does  not  ^et  high  enough  to  produce  significant  'He  +  D  fusion." 
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^R.  Canada  to  Distribution.  Subject:  "^He  in  Weapons."  W-4-2518  (SRD)  (March  10, 1969),  5  pp.,  A99-019, 
199-13. 
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C.  Vulnerability 

1.  Considerations 

As  the  USSR  began  to  develop  missiles  that  cairied  nuclear  wessons,  military  planners  in 
the  United  States  became  concemol  that  these  types  of  weapons  could  be  used  as  defense 
weq)ons  against  incoming  nuclear-armed  missiles  from  the  United  States.  The  question  then 
arose  as  to  how  to  "harden"  the  U.S.  reentry  vehicles  and  warheads  to  minimize  the  impact  of 
this  type  of  Soviet  defense. 

In  addition,  it  became  technically  possible  in  the  United  States  to  have  one  missile  carry 
more  than  one  warhead.  As  these  warheads  were  released  and  detonated  over  a  target(s),  and  if 
the  offensive  warheads  were  detonated  too  close  together  during  a  similar  time  period,  the 
radiation  released  from  one  would  affect  the  others.  Again,  there  was  the  question  of  how  best  to 
deploy  these  types  of  warheads  and  how  to  "harden"  each  warhead  from  the  effects  of  the  others 
(fratricide). 

In  response  to  these  problems,  scientists  in  the  U.S.  weapon  complex  developed  special 
materials  and  engineering  features  designed  to  minimize  the  damage  (both  from  radiation  and 
from  the  shock  and  heat  proceed  by  the  interaction  of  radiation  with  materials)  to  a  nuclgar 


~Tt  was  iiccessaiy  C^TEst  thesedesigns  and  materials  to  see  if  they  met  the  design  objectives. 
The  tests  included  field-type  tests  and  tests  at  NTS.  In  addition,  computer  codes  were  developed, 
based  on  experimental  data,  to  predict  the  behavior  of  components  under  adverse  conditions. 

Several  types  of  field  tests  were  employed.  In  one  type  of  test,  shocks  were  sent  into  the 
special  materials  to  study  their  behavior.  Other  tests  measured  the  effects  of  high  temperature 
and  similar  adverse  environments.  In  another  type  of  test,  radiation  from  a  radioactive  source,  an 
accelerator,  critical  assembly,  or  reactor  was  used  to  expose  the  device  to  neutrons  or  x-rays. 
The  type  and  amount  of  radiation  that  could  be  delivered  was  dependent  upon  the  irradiating 
source.  These  field  tests  were  never  able  to  duplicate  an  actual  exposure  environment  during 
deployment. 
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Looking  ahead  in  the  period  1973-1980  the  number  of  new  systems  was  even  more  limited. 
The  ABC  program  and  Mk  18  programs  (that  evolved  into  the  Mk  400  program)  were  precursors 
to  the  W76;  the  Phase  3  authorization  for  this  strategic  warhead  was  received  by  LASL  in  May 
1973.  The  high-yield  multiple  RV  program/Mk  19/Mk  12A  was  the  precursor  for  the  W78 
(Phase  3,  June  1974),  an  assignment  that  would  also  go  to  LASL.  The  High- Yield  bomb  program 
would  go  to  Livermore  as  the  XW77  with  a  Phase  3  of  May  1974.  (This  program  would  later 
become  the  B83.)  The  Safeguard  (Spartan/Sprint)  program  would  be  discontinued.  (The  weapons 
that  had  been  stockpiled  under  this  program  would  be  retired.)  The  improved  8-inch  artillery- 
fired  projectile  with  a  Phase  3  date  of  January  1975  would  go  to  Livermore  as  the  W79. 
The  W80  program,  the  cruise  missile  project  (aur  launch,  sea  launch,  and  advanced  cruise 
missji")  ^'mi]^  rpp<''Y'°-  a  Pha'ir  ^  date  of  June  1976  and  would  eo  to  Los  Alamos. 

(b)(3) 

TlirW827aT55-mm  artillery  shell,  was  given  to  Livermore 
"But  was  never  produced.  The  W84,  the  ground-lminched  cruise  missile  warhead,  would  have  a 
Phase  3  of  September  1978  and  would  go  to  Livermore.  The  W85  for  the  Army's  Pershing  II 
missile  went  to  LASL  (Phase  3  of  May  1979),  but  all  warheads  would  be  retired  in  March  lSf91 

and  their  components  used  to  build  the  B6 1  - 1 0  -______„_  

 (b)(3)    _  ^^tbe  W86,  the  design  lor  tne 

Pershing  n  Earth  Penotratw,  was  cancelled  after  Phase  3."*  Thus,  there  were  in  a  sense  seven 
projects  in  seven  years  that  reached  the  stockpile. 

With  few  projects  being  awarded  in  this  time  period,  it  was  a  tough  fight  for  the 
Laboratories  to  procure  and  complete  a  Phase  3  assignment. 

3.    Decreased  Levels  of  Funding 

Edward  Giller,  Assistant  General  Manger  for  Military  Applicati<Mi,  in  a  TWX  dated 
September  17, 1970,  reported  to  the  Laboratories  that  the  low  level  of  FY  1971  on-continent 
funding  as  well  as  the  trend  being  experienced  in  the  overall  level  of  funding  meant  fliat  less 
money  would  have  to  be  spent  m  the  NTS  test  program  than  had  been  spent  in  previous  years. 
Giller  noted,  "We  must  look  both  at  the  need  for  specific  tests  and  test  programs  and  at  the  way 
they  are  conducted.  On  the  need  side,  we  must  candidly  question  such  things  as  total  numbers  of 
tests  being  conducted  on  similar  Phase  2  designs,  on  effects,  or  on  high  yield  devices.'  This 
was  a  notice  that  the  NTS  test  program  would  need  to  undergo  some  changes.  Tests  would  be 
limited  to  those  considered  to  be  the  most  important. 

Giller  continued  his  warnings  to  the  Laboratories  concerning  the  need  to  limit  spending. 
In  a  document  dated  January  20, 1972,  titled  "FY- 1974  Weapons  Program  Budget  Planning 
Assumptions,"  Giller  stated,  "Any  work  which  does  not  directly  support  either  present  or 
anticipated  future  weaponization  requirements  must  be  relegated  to  a  lower  priority  category. 


'**Betty  L.  Perkins,  "Why  Nougat?  (U),"  Los  Alamos  National  Lalxwatory  report  LA-12950-H  (SRD)  (November  1, 

1995),pp.A-l-A-3. 

'*'u§^,'Edward  B.  Giller,  Wash.,  D.C.  to  BW3,  UCXRL,  M.  M.  May,  Uvermore.  CaUf.,  et.  al.  (OUO) 
(September  17, 1970),  3  pp.,  A99-019, 198-12. 
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7.    Yield:  The  Confetti  Argument 

Agnew  felt  that  the  yield  of  the  W68  was  too  low  to  be  really  effective.  In  addition,  in  terms 
of  the  overall  total  yield  available  from  all  the  W68  warheads,  the  W68  design  was  very  costly  in 
terms  of  the  amount  of  required  special  nuclear  materials. 

In  an  April  1972  TWX  to  Assistant  Director  for  Safety  and  Liaison  (Division  of  Military 
Application)  Colonel  Robert  T.  Duff,  Agnew  reported  that  he  was  worried  about  maintaining  the 
U.S.  nuclear  deterrent.  Agnew  noted,  "R  occurs  to  me  that  as  we  go  to  lower  and  lower  yields  in 
our  strategic  missile  warheads  and  the  Soviet  Union  builds  up  a  better  and  beaeLciaL^ense 
position,  the  reality  of  this  deterrent  may  become  questionable. 


~niisnhen  our  strategic  deterrenrwnrhavC  lust  d  guud  deal  of  its  force.  If  our  MIRV  trend 
continues  we'll  be  threatening  to  throw  confetti  at  a  potential  aggressor.  Confetti  has  high 
penetration  and  survivability  but  little  deterrent  power."^' 

In  a  letter  dated  October  10, 1972,  to  Giller,  at  that  time  Assistant  General  Manager  for 
National  Security,  Agnew  again  noted  several  reasons  why  low  yield  warheads  might  not  be  the 
best  solution  for  maximizing  the  deterrence  capability  of  the  stockpile.  He  reported  that 
considering  the  number  of  required  submarines  and  die  low  efficiency  in  their  use  of  special 
nuclear  material,  the  low-yield  warheads  were  not  very  cost  effective.  Moreover,  Agnew  pointed 
out  that  for  the  Hiroshima  device,  the  effects  on  Hiroshima  in  terms  of  loss  of  substantial 
buildings  and  the  people  in  them  "wasn't  all  that  impressive."  In  terms  of  loss  of  life,  the  USSR 
had  lost  more  than  ten  million  people  in  WWH  Although  the  Soviets  had  an  extensive  civil- 
defense  network  in  place,  even  if  that  did  not  woric  to  reduce  loss  of  civilian  lives,  the  Soviets 
might  not  mind  losing  a  few  peq)le.  Agnew  wrote,  "Again,  to  me,  to  continue  to  increase 
wariiead  numbers  at  the  cost  of  a  decrease  in  yield  per  watiiead  could  eventually  lead  to  no 
deterrence  in  the  minds  of  those  we  hope  to  deter."  Agnew  stated,  "I  feel  very  strongly  that  we 
should  endeavor  to  convince  the  DoD  that  what  they  should  have  on  the  next  round  is  a  naix  of 
yields. 


8.  CapabUity 

Agnew  in  his  August  10, 1972,  letter  to  Camm  pointed  out  that  the  Los  Alamos  group  had 
been  developing  suitable  technology  applicable  to  the  new  strategic  missile  warheads.  He  wrote, 
"In  summary  then,  we  have  been  working  very  hard  to  provide  the  very  latest  technology  in 
warhead  designs  incorporating  the  most  advanced  minimum  weight  hardening  techniques  to 
provide  an  optimum  warhead  for  the  next  round  of  strategic  missile  waiiieads.  In  fact,  our  v/otk. 
has  been  of  such  outstanding  quality  that  we  have  been  invited  by  Admiral  Levering  Smith  to 


H.  M.  Agnew,  University  of  California,  Los  Alamos  Scientific  Laboratory,  Los  Alamos,  NM.  to 
B  Y3/CoIonel  Robert  T.  Duff,  US AF,  Assistant  Director  for  Safety  and  Liaison,  Division  of  Military 
ABBlication  USAEC.  Wash..  D.C.  (SRD)  (April  14. 1972).  pp.  1-2.  B 1 1 .  Drawer  56.  Folder  1  of  4. 
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